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Within commercial broiler production, feed and feed manufacturing costs account for 60
to 70% of production costs. Of these feed costs specifically, ingredients that supply energy and
protein represent the highest expenditure, verifying the importance of knowing the nutrient
requirements of current broiler strains to ensure accurate least-cost formulation. To reduce these
production costs and optimize performance, primary breeder companies and nutritionists
continuously strive to improve nutrient utilization of commercial broiler strains. As a result of
this, a great magnitude of work is conducted to determine the nutrient requirements for broilers,
especially amino acids. Therefore, the overall objective of this dissertation was to utilize
processing measurements, multiple statistical models, and economics as a whole to determine the
optimal percent digestible Isoleucine:digestible Lysine ratio (dIle:dLys) for Ross 708 x Ross YP
male broilers to improve growth performance and economic return. Chapter 2 determined the
optimal dIle:dLys ratio for the starter phase (d 0-18), while Chapter 3 determined the optimal
ratio for the grower phase (d 14-28), and Chapter 4 determined the optimal ratio for the finisher
phase (d 28-42). All experimental diets for each respective growth phase were created from a
common deficient corn and soybean meal-based diet. After manufacturing, half was retained to

create the summit diet through the addition of crystalline Ile. The remaining five experimental
diets for each respective growth phase were obtained by blending proportions of the deficient
and summit diets. All dIle:dLys ratios were estimated using quadratic regression (QR; 95% of
the asymptote), as well as linear and quadratic broken line models (LBL; QBL). Regression
analysis from d 0-18 using multiple regression models estimated the ratios to range from 63-73%
for BW and BWG and 68-74% for FCR. Based on the data from the grower phase and using
multiple regression models, the estimated ratios ranged from 62-68% for BW and BWG and 6770% for FCR and are similar to the current breeder nutrient specifications. Data from the finisher
phase and once again using multiple regression models estimated the ratios to range from 6266% for BW and BWG and 63-66% for FCR.
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CHAPTER I
LITERATURE REVIEW
Poultry Production Worldwide
Throughout the world, there are over 23 billion chickens, which equivalates to about
three per person, which is around five times the amount 50 years ago (FAOSTAT, 2016). Poultry
production is one of the fastest-growing agricultural subsectors, and this is due to the demand for
an efficient protein source as well as the increasing world population. The average annual growth
rate for poultry meat production over the last five decades has been 5% as compared to 1.5% for
beef and 3.1% for pork, with the most significant percentage of growth taking place in
developing areas such as East and South East Asia (Alexandratos and Bruisma, 2012). The most
significant contributor that has allowed for the increase in poultry production is the
advancements in production practices and genetics, and nutrition and will be discussed in the
following sections. By 2050 the growth of poultry production is expected to continue to grow,
with an expected demand to increase 121% (Alexandratos and Bruisma, 2012).
Along with the increase in demand, global poultry prices are expected to decrease
annually by 1% due to short production cycles, improved efficiency, and reduced feed costs
(Mottet and Tempio, 2017). The development of poultry production within developing areas is of
extreme importance due to its ability to help alleviate poverty by providing a source of income
and providing a healthy source of protein. While poultry production is steadily growing
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worldwide, the United States exports a large portion of meat produced within the United States
to other countries.
Poultry Production in the United States
Within the United States, poultry production began in the 1800s when many households
had backyard flocks to provide eggs and occasionally provide a source of meat protein for meals
(National Chicken Council, 2021a). Around the beginning of the 20th century, many
entrepreneurs became interested in poultry production due to its ability to provide a source of
income. Many consider this the beginning of the poultry industry, and from this point on, it
continued to grow and expand.
As the poultry industry continued to grow, many advancements began to occur, such as
vertical integration, allowing the grower to have a smaller overall investment. Vertical
integration can be defined as the ownership by one company of two or more stages of production
(Clauer, 2011; National Chicken Council, 2021a). Today within the poultry industry, vertical
integration includes company-owned feed mills, hatcheries, processing plants, poultry byproduct
plants, and even some company-owned farms. The implementation of vertical integration is one
of the primary reasons why the poultry industry in the United States is what it is today and is
continuously growing.
Over the past 20 years, the consumption of poultry meat has increased dramatically. This
is due to poultry being a low-cost, readily available, healthy source of protein. While this past
year during the COVID-19 pandemic has proven to be a struggle for some industries and
businesses, the poultry industry has persevered. The United States has the largest consumption
worldwide- 113 pounds per capita in 2020 (National Chicken Council, 2021b). According to the
National Chicken Council, almost 9.25 billion broiler chickens were produced in the U. S. in
2

2020, making the United States the largest broiler chicken industry in the world. Of those
broilers produced, 16% were exported to overseas countries, making the United States the largest
broiler export market (National Chicken Council, 2021c). While the poultry industry is
extremely crucial to agricultural economics in the United States and worldwide, the broiler
industry, in particular, is essential to the southeastern United States. The top 5 respective broilerproducing states in 2020 are Georgia, Arkansas, Alabama, North Carolina, and Mississippi
(National Chicken Council, 2021d). Due to the importance of the poultry industry to Mississippi,
the author will be discussing poultry production within that state.
Mississippi Poultry Production
In 2014 it was estimated that the Mississippi poultry industry had an economic value of
production exceeding $2.87 billion annually. Of that, $2.2 billion resulted from broiler
production alone (Tabler and Wells, 2017). Currently, in Mississippi, the poultry industry is
estimated to have an economic impact of over $20 billion. Additionally, over 1,700 family-run
poultry farms resulted in a total of $3 billion paid to these growers (Mississippi Poultry
Association, 2021). The poultry industry in Mississippi also directly employs over 28,500 people
(Mississippi Poultry Association, 2021). The poultry industry also provides jobs indirectly
related to the industry, such as those in construction, manufacturing, retailing, and insurance, to
name a few. Additionally, several commercial broiler integrators are currently located within the
state, including Koch Foods, Mar-Jac Poultry, Peco Foods Inc., Sanderson Farms Inc., Tyson
Foods Inc., and Wayne Farms. These operations are primarily located in the following counties
in Mississippi: Scott, Smith, Jones, Simpson, Leake, Newton, and Wayne (Tabler and Wells,
2017).
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Modern Commercial Broiler
Since its beginning, the poultry industry has strived to make advancements in production
to provide a cheap and efficient source of protein. One of the main advancements that have
allowed for this is the continued development of genetic strains. Currently, the price per pound
of poultry meat is half the price or more as compared to other protein sources, and these lower
prices can be attributed to improvements in growth and efficiency (National Chicken Council,
2021e). These lower prices have also contributed to increased consumption per capita between
1965 and 2020 (National Chicken Council, 2021f), which has allowed the poultry industry to
grow. In response to consumer demands for a healthy protein source, genetic selection has
provided improvements in performance while also reducing production economics. However,
this selection for performance has also led to new problems the poultry industry faces, such as
increased skeletal defects (Lilburn, 1994; Rath et al., 2000), metabolic disorders (Scheele, 1997;
Olkowski, 2007), and altered immune function (Cheema et al., 2003). These problems have led
to an increase in demand for nutritional research to combat these adverse effects.
Genetics
Despite these challenges of genetic selection, meat yields have increased drastically, and
broiler performance has continued to improve while reducing consumer costs. Due to the
continuous advancements in genetics and many other factors, the commercial broiler of today is
one of the most efficient farm-raised protein sources. For example, in 1925, the average market
age was 112 days with a live weight of 2.5 pounds. Whereas today, a target weight of 6.20
pounds can be achieved in around 47 days (National Chicken Council, 2021e). Additionally,
genetics and consumer demand have also led to a change in how broiler meat is processed. In
1962 82% of broilers were marketed as whole birds, 15% as cut or parts, and 2% as further
4

processed products (National Chicken Council, 2021c), whereas in 2020, only 9% were
marketed as whole birds, 40% as cut or parts, and 50% as further processed products (National
Chicken Council, 2021c). The dramatic increase of further processed and cut up products can
likely be associated with the quick-paced lifestyle of modern culture. Consumer interest in dining
out at restaurants has increased versus cooking at home, which, in turn, has increased per capita
consumption (National Chicken Council, 2021b).
Advancements in broiler efficiency (e.g., enhanced FCR) is due to research and
advancements in genetics and nutrition. In 1925, it took 4.7 pounds of feed to produce one pound
of meat. In comparison, in 2020, it only takes 1.7 pounds of feed to produce one pound of meat
(National Chicken Council, 2021f). The aforementioned advancements in genetics are just one of
the few that have occurred over time. Additionally, maximizing genetic potential would not be
possible without the enhancement of technology in the area of nutrition; therefore, these
advancements will be discussed in detail below.
Nutrition
One significant advancement that has allowed for the increase in broiler efficiency is the
increase in nutrient utilization, leading to improvements in the environment. These
improvements can be attributed to feed additives such as enzymes and amino acids (Kidd, 2009).
Enzymes have been studied for many years; however, they have not been utilized in the
commercial poultry industry until a couple of decades ago, with phytate and non-starch
polysaccharide degrading enzymes being the most commonly used. The inclusion of phytase into
diets has allowed nutritionists to formulate diets to closer meet the bird’s requirement allowing
for improved skeletal formation while also decreasing the amount of phosphorus excreted into
the environment (Selle and Ravindran, 2007). Additionally, non-starch polysaccharide degrading
5

enzymes allow for energy to be released and absorbed by the bird (Campbell and Bedford, 1992,
Bedford and Schulze, 1998). Both enzyme types have allowed for more precise diet formulation,
improved nutrient utilization, and reduced diet costs. Amino acid research has also increased
tremendously over the past decade. This can be attributed to the growth of the synthetic amino
acid market and the ideal protein concept being established.
The ideal protein concept and the establishment of digestible amino acid values for
feedstuffs have allowed for amino acids to be put on a ratio basis relative to Lysine to allow for
maximum nutrient utilization and growth performance (Baker, 1997). Additionally, the synthetic
amino acid market has continued to grow over the past 70 years to allow for enhanced amino
acid production methods, allowing for reduced costs and allowing for supplementation into least
cost diet formulation. The combination of the two has allowed for precise diet formulation to
allow for increased protein and nitrogen efficiency, as well as a reduction in feedstuffs utilized
within the diet (Baker, 1997). This has led to improvements in sustainability as well as positive
impacts on the environment. The aforementioned advancements in nutrition are only a few of the
major advancements that have impacted the poultry industry. There are many more areas of
nutritional research that have led to improvements in broiler performance. These areas include
the impacts of nutrition on gut health, the use of pro-and prebiotics, essential oils, antibiotic
alternatives, and also feed quality research. Throughout the remainder of this dissertation, the
author will discuss the importance of protein, amino acids, and, in particular, the amino acid
Isoleucine and its impact on broiler performance.
Dietary Protein and Amino Acids
In broiler nutrition, protein makes up a large portion of the diet and is extremely
important to commercial poultry producers due to its high cost and economic return being based
6

on the conversion of feed protein into animal protein. Within broilers, the majority of body tissue
is made up of proteins, along with structural proteins being found in bone, muscle, and skin.
Proteins are made up of amino acids; however, depending upon the combination and sequence of
these amino acids, the protein content can vary depending upon the ingredient and the origin of
the ingredient utilized within the diet. Due to the increased costs and importance associated with
proteins, it is essential to know the nutrient requirements of amino acids for current animal
strains to ensure accurate least-cost diet formulation. The requirement for amino acids is
comprised of the sum of three different processes: the rate at which amino acids are needed for
maintenance and functional processes, the rate of endogenous losses within the gastrointestinal
tract, and the rate at which amino acids are lost to other metabolic pathways; therefore, making it
important to understand protein/amino acid nutrition as a whole to ensure the bird is meeting
their genetic potential.
Proteins can be described as organic compounds composed of 21 different amino acids
linked by peptide bonds to form protein structures (Wu, 2009). This primary structure has been
found to form an α-helical structure that is stabilized by hydrogen bonds and individual amino
acid residues (Groff and Gropper, 1998). These α-helical structures are also folded and arranged
into complex secondary and tertiary structures. Depending upon the specific number and
sequence of these amino acids, the characteristics and functionality of the protein are determined
(Groff and Gropper, 1998). As previously mentioned, amino acids are the building blocks of
dietary protein; therefore, there is no dietary requirement for crude protein but rather
requirements for each amino acid. Within poultry, only 9 of the 21 amino acids required for
protein synthesis can be synthesized within the body, and these include Alanine, Arginine,
Asparagine, Cysteine, Glutamate, Glutamine, Serine, Taurine, and Tyrosine; therefore, they are
7

deemed non essential (Wu, 2009, 2013a). The amino acids that an animal cannot synthesize or
not in enough quantity are deemed essential amino acids; these include Methionine, Lysine,
Threonine, Valine, Isoleucine, Arginine, Tryptophan, Phenylalanine, Proline, Glycine, Histidine,
and Leucine, and they must be provided within the diet.
Amino Acid Digestion and Absorption
Protein metabolism consists of two main chemical processes: catabolism, where proteins
are broken down, and anabolism, where proteins and amino acids are synthesized. The
catabolism of proteins is initiated in the proventriculus, where HCl and pepsin are secreted. This
allows for proteins to be broken down into polypeptides and then individual amino acids (Groff
and Gropper, 1998). Next, the pancreas and small intestine secrete digestive enzymes such as
trypsin, chymotrypsin, and elastase, which also aids in protein digestion (Groff and Gropper,
1998). Lastly, the duodenum secretes enterokinases responsible for converting trypsinogen into
trypsin, which allows for chymotrypsin to be activated (Groff and Gropper, 1998). All of these
enzymes work together to break down proteins into smaller complexes that can be absorbed by
the small intestine and transported into the bloodstream to be used throughout the body (Groff
and Gropper, 1998). The transport of these amino acids relies on sodium-dependent symporter,
proton-motive forces, antiporters, and the gradient of other amino acids (Qaid and Al-Garadi,
2021).
Within the body, there is a pool of free amino acids either circulating the body or found
within tissues within the body, and these concentrations are based on the balance of losses and
gains throughout (Wu, 2013). These amino acids are used for anabolism to build protein for
muscle growth and membrane glycoproteins (Squires, 2010; Qaid and Abdelrahman, 2016).
8

Additionally, dietary amino acids build enzymes involved in numerous biochemical processes
and act as precursors for DNA and RNA synthesis (Wu, 2013). Amino acids in excess that are
not utilized in protein synthesis are converted to glucose to use for energy or toxic urea, which is
excreted. Due to the importance of amino acids within the body, the author will discuss the
importance of these nutrients in diet formulation next.
Diet Formulation
As previously mentioned, quality protein is of great importance to poultry producers due
to its high cost and effect on performance. Within the poultry industry, most commercial broiler
diets are formulated according to the ideal protein concept, ultimately allowing for increased
protein utilization and also lowering nitrogen excretion (Baker, 1997). These benefits are
obtainable due to the ideal protein concept expressing important amino acids relative to Lysine,
which allows for precise diet formulation (Baker and Han, 1994; Baker, 1997; Corzo et al.,
2002).
Within the United States, most commercial poultry diets consist of corn and soybean
meal, with the latter providing the majority of protein within the diet. Therefore, it is important
to know the protein quality and amino acid content of the feedstuffs being utilized within the diet
when formulating. By knowing these values, it allows for accurate least cost formulation to
achieve performance goals. Additionally, when formulating diets and utilizing the ideal protein
concept, it is important to consider the use of digestible amino acid values versus total amino
acid levels. By using the digestible levels, nutritionists are able to accurately formulate to the
bird’s requirement for each amino acid (Rostango et al., 1995). These digestible amino acid
levels are determined by subtracting the amount of amino acids that are excreted in the feces
9

and/or ileal fluids from the total amount of amino acids that are ingested. When utilizing the
ideal protein concept and the digestible amino acid content of the feedstuffs, nutritionists can
also supplement synthetic amino acids into the diet to allow for enhanced nutrient content.
Synthetic Amino Acid Market
As previously mentioned, poultry is the most rapidly growing source of protein for human
consumption and is beneficial to the environment due to the lower amount of greenhouse gases
produced compared to other animal production systems (Clark and Tilman, 2017; Mottet and
Tempio, 2017). Diets adequate or high in digestible amino acids are utilized to achieve
performance objectives and target meat yields; therefore, due to the amino acid and protein
content of soybean meal, there is a high demand for it (Selle et al., 2020). However, this demand
can be lessened when supplementing synthetic amino acids into the diet, which allows for
resource use (e.g., land, water, and energy) to be reduced.
The production of synthetic amino acids began over 70 years ago, in 1950, when DLMethionine was produced by chemical synthesis. In the 1960s, L-Lysine was produced by a
fermentation process; and following that, L-Threonine and L-Tryptophan were produced in the
1980s (Toride, 2004). The amino acid market has continued to grow, which can be attributed to
enhancements in the cost-effective production of amino acids (Leuchtenberger et al., 2005).
Currently, amino acids are produced by three different methods: extraction from protein
hydrolysates, chemical synthesis, and microbial fermentation (D’Este et al., 2018).
The process of producing amino acids via extraction from protein hydrolysates is not able
to be replicated in a large scale industrial facility; however, this method is suitable for the
extraction of specific amino acids such as L-Cysteine, L-Leucine, and L-Tyrosine (Ikeda, 2003;
10

Leuchtenberger et al., 2005). This method is suitable for specific amino acids due to different
extraction processes that can be developed based on the chemical affinity and pH of the amino
acid being extracted (Zhang et al., 2014). The drawback to this method is that it requires the
availability of natural protein rich resources, which ultimately allows less volume to be produced
(Breuer et al., 2004).
The chemical synthesis of amino acids is the original method proposed to create DLMethionine in 1950, created using the Strecker synthesis method, which was developed in 1850
(D’Este et al., 2018). This method of chemical synthesis converts either aldehyde, ketone, amine,
or ammonia into amino acids (Breur et al., 2004). This method had the ability to selectively
produce D or L forms for amino acids (Gröger, 2003). Currently, DL-Methionine is produced by
the Bucherer-Bergs reaction, which is a modified version of the Strecker synthesis and is able to
use raw petrochemicals to produce DL-Methionine on a large scale (D’Este et al., 2018). It is
important to note that Methionine is the first limiting amino acid in poultry and must be supplied
at sufficient levels to optimize growth performance. Due to this, synthetic Methionine is of
extreme importance to the poultry industry. The DL form of Methionine is widely accepted for
use in poultry diets due to birds being able to covert the D-form to the active L-form through
oxidase and transaminase reactions (Chung and Baker, 1992). It is estimated that 1 kg of
synthetic DL-Methionine supplies the equivalent amount of digestible Methionine as 178 kg of
soybean meal (Fickler et al., 2016). The use of synthetic amino acids are attainable due to
advancements in production methods, allowing for increased production and lower costs. For
other commonly used amino acids (e.g., Lysine and Threonine), the bird is unable to convert the
D-form into the active L-form; therefore, the L-form must be produced.
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The enzymatic process of amino acid production utilizes a singular enzyme or a
combination of enzymes to produce the desired enzyme (Ikeda, 2003). The main advantage of
this method is its ability to produce both pure forms of D and L amino acids in high
concentrations with minimal byproducts (Ikeda, 2003). For this method, several enzymes can be
used (e.g., hydrolytic enzymes, ammonia lyases, and dehydrogenases), with most of these
enzymes being obtained from microorganisms such as Escherichia coli, Aspergillus oryzae, and
Pseudomonas sp. However, the drawback to this method is the high cost of the enzymes as well
as their low stability, and when considering these factors, this method is not suitable for large
scale production (Ikeda, 2003).
For the majority of large scale synthetic amino acid production, a fermentation process is
utilized (Selle et al., 2020). This process uses industrial application microorganisms to convert
carbon from carbohydrates and nitrogen from ammonia into amino acids (Selle et al., 2020). The
amino acid produced is determined by the microorganism being utilized. For example,
Corynebacterium glutamicum is predominantly used to synthesize the branched-chain amino
acids, such as L-Isoleucine, L-Leucine, and L-Valine (Blombach et al., 2008; Yin et al., 2013;
Vogt et al., 2014). However, E. coli is used for L-threonine and L-Tryptophan (Ikeda and
Katsumata, 1999; Debabov, 2003), with the remaining amino acids being by C. glutamicum
(Ikeda, 2003). The fermentation process produces only the active L-form of amino acids;
therefore, additional purification methods are not needed, while production and maintenance
costs are relatively lower than the other methods (Sugimoto, 2010). Due to these characteristics,
fermentation is the most commonly used method for producing L-amino acids.
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Amino Acid Requirement of Broilers
Methods
When determining amino acid requirements, the most used experimental design is the dose
response study. For this method, graded levels of synthetic amino acids are supplemented into the
diet. This can be done through a dilution technique as well as by adding increasing levels of a
synthetic amino acid (Gous and Morris, 1985; Oviedo-Rondon and Waldroup, 2002). The dilution
technique utilizes two diets, a deficient (lowest amino acid level) and a summit (highest amino
acid level), to create the remaining intermediate amino acid levels, while the supplementation
method adds increasing amounts of synthetic amino acids to obtain each desired amino acid level.
The dilution technique has been found to provide the best results as it allows for less variation
among other amino acids, which may impact the results as compared to the supplementation of
synthetic amino acids. For the dose response method, the requirement is determined to be the
lowest amino acid content found to improve performance; the observed results can vary depending
upon the variables measured.
When estimating the amino acid requirement, it is also important to consider the
statistical models being utilized. The t-test method is a simple model and defines the requirement
as the lowest concentration fed that is not significantly different from the min or max response.
Within nutritional requirement research the most common method utilized is the Quadratic
Regression (QR) which fits the data to a polynomial quadratic model. This model can use fewer
nutrient levels to get an estimate of the response curve and is easier to fit than broken line
models. This model also estimates the requirement to arbitrarily be chosen as 95% of the vertex.
However, in the event a quadratic response is not achieved, the requirement cannot be calculated
due to the linear model not having a vertex. In comparison the broken line regression model
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utilizes standard non-linear regression analysis software. This model provides a break point
estimate, and clearly defines the requirement as the level of a nutrient that provides the optimum
response. This model also closely represents the theoretical ideas of nutritional responses;
therefore, it has gained popularity over the past 10-20 years (Robbins et al., 2006; Pesti et al.,
2009). Due to the differences in these methods, it is important to consider each model and its
results when determining nutritional requirements, as each method gives insight into a variety of
questions (Pesti et al., 2009).
When determining the nutrient requirement there also other factors to take into
consideration such as the potential economic return (Lerman and Bie, 1975). Traditionally,
within literature only the biological responses of amino acids were reported. However, the feed
ingredient and poultry meat market are everchanging and due to this the economic impact
associated with a particular feeding regime potential economic return has also gained interest
(Pesti et al., 2009; Kidd and Tillman, 2016). However, it has also been determined that amino
acid levels that optimize broiler performance also maximize economic return. Previous research
has supported these previous findings that demonstrate as the amino acid level that improved
broiler performance (e.g., BW, BW gain, and FCR) also maximized economic return (Perryman
et al., 2013; Tillman et al., 2013). However, the extent of these benefits may vary depending on
various factors, including amino acid of interest, ingredient nutritional quality/value, and the
economic environment. Within literature the previous requirement research has also focused on
other essential amino acids, such as Methionine and Cysteine, due to their ability to improve
broiler performance when their requirement is met (Baker, 2009; Kidd et al., 2013). However,
further limiting essential amino acids, such as Isoleucine, have also been found to improve
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growth and processing characteristics when supplemented at levels that meet the broiler’s
requirement (Corzo et al., 2009); therefore, warranting Isoleucine requirement research.
Isoleucine and Branch Chain Amino Acids
Isoleucine is an essential amino acid as well as a branch chain amino acid. It has been
determined to be the fourth or fifth limiting amino acid depending upon the feedstuffs utilized
within the diet. The main role of these branch chain amino acids is protein metabolism (Harper et
al., 1984). All branch chain amino acids are catabolized by the same enzymes. The first step is
performed by branch chain amino acid aminotransferase, while the second is carried out by the
branched chain n α-keto acid dehydrogenase (Harper et al., 1984; Duan et al., 2016). It is also
important to note that these branch chain amino acids can negatively interact with each other if
not supplied at the correct levels, with excess levels of leucine compared to valine and Isoleucine
being the most problematic (D’Mello and Lewis, 1970). These antagonisms are believed to be
associated with the common catabolism pathways of these amino acids, whereas the excess
supplementation of any of them can lead to the transamination and oxidation of all three amino
acids (Smith and Austic, 1978; Calvert et al., 1982; Harper et al., 1984; D’Mello, 2003). Unlike
other amino acids, branch chain amino acids are poorly metabolized by the liver; however, they
are transported to muscle tissues where they are oxidized. Due to this, branched chain amino
acids make up around 35% of the essential amino acids in muscle proteins (Harper et al., 1984).
As previously mentioned, poultry do not have a direct requirement for crude protein but rather a
requirement for each amino acid. Due to this, within the next section, the author will discuss the
methods used to determine amino acid requirements as well as previous research determining the
optimal dIle:dLys ratio since Isoleucine is the amino acid of interest.
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Isoleucine Requirement Research
As previously mentioned, Isoleucine is a branch chain amino acid and is also considered
to be the fourth or fifth limiting amino acid depending upon the feedstuffs used within formulation.
Isoleucine has also been found to improve growth performance and processing characteristics
when supplied at sufficient levels. However, there are numerous factors that can affect the amino
acid requirement of broilers, such as dietary and genetic factors, as well as the age of the broilers.
Throughout the next sections, the author will discuss the findings in the literature, which
determined the optimal dIle:dLys ratio.
Starter Phase
The Isoleucine requirement for older broilers is well documented within the literature; however,
the starter phase has begun to become of extreme importance (Velu et al., 1972; Burnham and
Gous, 1992; Baker et al., 2002; Corzo et al., 2004; Hale et al., 2004; Campos et al., 2009; Corzo
et al., 2009; Helmbrecht et al., 2009). This is due to the continuous improvement of broiler
genetics, with the starter phase being a time of maximal body growth (Obst and Diamond, 1992;
Behnke and Beyer, 2002; Willemsen et al., 2008). Baker et al. (2002) evaluated 8 to 21 d Ile
needs of male chicks and estimated the optimal ratio to be 61.4% dIle:dLys (Broken line
analysis) or 70% dIle:dLys (Exponential asymptote). More recent research conducted by Campos
and cohorts (2009a) determined the dIle:dLys ratio of male Cobb 500 broilers from d 7-21 to be
67% when utilizing the x at Qmax on the prediction curve. Additionally, Helmbrecht and others
(2009) investigated the starter phase (d 7-21) dIle:dLys requirement using various methods and
estimated the requirement to be 61-70% for BW, BWG, and FCR. Additionally, current breeder
recommendations for the optimal dIle:dLys ratio for the Ross 708 broiler is 67% (Ross 708
Nutrition Specifications, Aviagen 2019). It is important to note that the research conducted by
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Baker et al (2002) and Helmbrecht et al (2009) is the most recent published isoleucine research
for the starter phase. Additionally, as new strains are developed (approximately every 5 years),
companies also commonly update their nutritional requirements, which necessitates a great
magnitude of data and resources; therefore, the continuous reevaluation of amino acids is needed
for current genetic strains.

Grower Phase
As mentioned in the previous section, literature regarding the optimal dIle:dLys ratio for current
genetic strains is limited. Wise and cohorts (2020) determined the optimal dIle:dLys ratio for d
21-35 Ross 708 x Ross YP male broilers to be 64 and 72.5% for BWG and FCR, respectively.
Additionally, the authors determined the optimal ratio for breast meat weight and yield to be 66.1
and 70.9% dIle:dLys, respectively. Previous research investigating Ross 308 male broilers during
the grower phase (d18-30) utilizing X at 95% of Qmax estimated the dIle:dLys requirement to be
62% for BWG., 61% for FI, and 65% for FCR (Kidd et al., 2004; Tillman and Dozier, 2013).
Additionally, a review paper written by Tillman and Dozier (2013) suggests the dIle:dLys
requirement for the grower phase (d 15-28) to be 67%, as compared to current Ross 708 breeder
recommendations, which is 68% dIle:dLys (Ross 708 Nutrition Specifications, Aviagen 2019).

Finisher Phase
Of the limited research on current genetics strains during the finisher phase, Wise and Cohorts
(2020) utilized Ross 708 x Ross YP male broilers with a feeding phase from d 28-42 and
determined the optimal ratio dIle:dLys ratio for BWG to be 66.5% and 67.1% for FCR.
Additionally, processing characteristics were measured, and the authors determined the optimal
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ratio for breast meat weight to be 66.4% and 68.2% dIle:dLys for breast meat yield. It is important
to note that these estimates were obtained utilizing QR and LBL models.
When looking at older literature using various strains, Kidd et al. (2004) utilized Ross x
Ross 308 males with an experimental phase from d 30-42 and determined the optimal dIle:dLys
ratio to be 61% for BWG. and 63% for FCR when utilizing QR (95% of asymptote). Hale and
cohorts (2004) determined the optimal dIle:dLys ratio for female Ross x Ross 508 broilers to be
67% for BWG., 66% for FI, and 68% for FCR when utilizing QR (95% of asymptote). Research
conducted by Campos and cohorts (2009) determined the dIle:dLys ratio of male Cobb 500
broilers from d 28-40 to be 70% when utilizing the x at Q max on the prediction curve. In
comparison, Tillman and Dozier (2013) suggested that the dIle:dLys requirement for the finisher
phase (d29-42) to be 68%, based on previous research, while current Ross 708 breeder
recommendation is 69% dIle:dLys (Kidd et al., 2004; Hale et al., 2004; Campos et al., 2009;
Helmbrecht, 2009; Mejia et al., 2011; Tillman and Dozier, 2013; Ross 708 Nutrition
Specifications, Aviagen 2019).
Conclusion
The poultry industry has made vast improvements in production and efficiency over the
past several decades and is continuing to do so, and these improvements can be attributed to the
areas of nutrition outlined within this chapter. These improvements also have proven how
important the poultry industry is not only in the United States, but worldwide and can help feed
the growing world population.
Within commercial poultry production feed and feed manufacturing costs account for 60
to 70% of commercial broiler production. Of these feed costs specifically, ingredients that supply
18

energy and protein represent the highest expenditure, verifying the importance of knowing the
nutrient requirements of current broiler strains to ensure accurate least-cost formulation in order
to maximize broiler performance. Due to the limited knowledge of the optimal dIle:dLys ratio
for current genetic strains, the author will discuss the optimal dIle:dlys ratio for the starter (d018), grower (d14-28), and finisher (d28-42) phases in order to maximize growth performance
and economic return for male Ross 708 x Ross YP broilers.
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CHAPTER II
DETERMINING THE OPTIMUM DIGESTIBLE ISOLEUCINE TO LYSINE RATIO FOR
ROSS 708 X ROSS YP MALE BROILERS FROM 0 TO 18 DAYS OF AGE
Summary
Continuous genetic improvement of high yielding broiler strains necessitates reevaluation
of amino acid requirements. The objective of this study was to evaluate the dIle requirement of
Ross 708 x Ross YP male broilers from d 0-18. Experimental diets were created from a common
deficient corn and soybean meal-based diet providing a dIle:dLys of 52%; after manufacturing,
half was retained for the creation of the summit diet (82% dIle:dLys). The remaining five
experimental diets ranged from 57 to 77% dIle:dLys and were blended proportions of deficient
and summit dIle diets. A practical control diet (PRAC-CON; 67% dIle:dLys) was manufactured
separately for verification of the blended control diet (50 deficient:50 summit blend; BLENDCON; 67% dIle:dLys); all diets were subsequently pelleted/crumbled. On d of hatch, 2,400 male
chicks were equally allocated to 96 pens (12 replications/treatment). All dIle:dLys ratios were
estimated using quadratic regression (QR; 95% of the asymptote), as well as linear and quadratic
broken line models (LBL; QBL). Performance data demonstrated that feeding higher than starter
breeder nutrient specifications at the time of this study (67% dIle:dLys) improved broiler
performance from 0-18 d. After considering the estimated requirements produced by the multiple
regression models for all measured variables (BW, BW gain, FCR, and CV of ending BW), these
data suggest that the optimum starter dIle:dLys ratio for male Ross 708 × Ross YP broilers is
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70%. Further research should evaluate dIle:dLys requirements of male Ross 708 × Ross YP
broilers during the remaining grow-out phases.

Description of the Problem
Feed and feed manufacturing costs account for 60 to 70% of commercial broiler
production (Kleyn, 2013). Of these feed costs specifically, ingredients that supply energy and
protein represent the highest expenditure (Dozier et al., 2007), verifying the importance of
knowing the nutrient requirements of current broiler strains to ensure accurate least-cost
formulation (Kleyn, 2013). To reduce these production costs and optimize performance, primary
breeder companies are continuously striving to improve nutrient utilization of their commercial
broiler strains (Havenstein et al., 2003). As new strains are developed (approximately every 5
years), companies also commonly update their nutritional requirements, which necessitates a
great magnitude of data and resources.
Another common practice within the poultry industry is that the majority of commercial
broiler diets are formulated according to the ideal protein concept. This allows for increased
protein utilization by maximizing nitrogen efficiency and use, ultimately lowering nitrogen
excretion (Baker, 1997). These benefits are obtainable due to the ideal protein concept
expressing important amino acids relative to lysine, which allows for precise diet formulation,
and thus, a great magnitude of work has been done to determine the lysine requirement for
various strains (Baker and Han, 1994; Baker, 1997; Corzo et al., 2002). Additionally, previous
requirement research has also focused on other essential AA, such as methionine and cysetine,
due to their ability to improve broiler performance when their requirement is met (Baker, 2009;
Kidd et al., 2013). However, further limiting essential AA, such as isoleucine, have also been
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found to improve growth and processing characteristics when supplemented at levels that meet
the broiler’s requirement (Corzo et al., 2009). The ratio of Ile to Lys has similarly been found to
affect the metabolic efficiency and growth performance of the bird (Corzo et al., 2009).
Within the literature, the Ile requirement for older broilers is well documented (Velu et
al., 1972; Burnham and Gous, 1992; Corzo et al., 2004; Hale et al., 2004a; Campos et al., 2009a;
Corzo et al., 2009; Helmbrecht et al., 2010). However, due to the continuous improvement of
broiler genetics, the starter growth phase represents an increasing proportion of a broiler’s
lifecycle. Within this time, maximal body growth is accomplished by meeting the bird’s high
demand for energy and protein (Obst and Diamond, 1992; Behnke and Beyer, 2002; Willemsen
et al., 2008). However, few reports have addressed the optimal dIle:dLys ratio during the starter
phase, especially including the first week of the broiler’s life. Baker et al. (2002) evaluated 8 to
21 d Ile needs of male chicks and estimated the optimal ratio to be 61.4% dIle:dLys utilizing the
broken line regression analysis and the exponential model determine the optimal ratio to be 70%
dIle:dLys. More recent research conducted by Campos and cohorts (2009a) determined the
dIle:dLys ratio of male Cobb 500 broilers from d 7-21 to be 67% when utilizing the x at Qmax
on the prediction curve. Additionally, Helmbrecht and others (2010) investigated the starter
phase (d 7-21) dIle:dLys requirement using various methods and estimated the requirement to be
61-70% for BW, BWG, and FCR. This research represents some of the most recent publications
determining the Ile requirement for the starter phase; however, it is over a decade old and
utilized different strains.
As demonstrated in the previous paragraph, there are multiple statistical methods that
may be utilized to estimate nutritional requirements; however, it is important to take into
consideration the method(s) used, as results have been found to vary (Pesti et al., 2009). The
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simplest model used to define a requirement is comparing varying nutrient levels using t-tests.
Within this method, the requirement is defined as the lowest concentration of the nutrient that is
not significantly different from either the min or max response. Traditionally, the most common
method has been QR, which fits the data to a polynomial quadratic model. This model needs
fewer points/nutrient levels to get an estimate of the response curve and is easier to fit than
broken line models; it also estimates the requirement to arbitrarily be chosen as 95% of the
plateau due to the similar estimates observed between this model and QBL (Robbins et al.,
1979). However, if a quadratic response is not achieved, the requirement cannot be calculated
using the linear model due to no vertex. Becoming more popular, broken line regression utilizes
standard non-linear regression analysis software. This model provides a break point estimate;
therefore, it clearly defines the requirement as the level of a nutrient that provides the optimum
variable response and closely represents the theoretical ideas of nutritional responses (Robbins et
al., 2006; Pesti et al., 2009). Due to the differences in these methods, it is important to consider
each model and its results when determining nutritional requirements, as each method gives
insight into a variety of questions (Pesti et al., 2009).
Potential economic return should also be considered with the biological response of
broilers to determine an optimal nutrient level (Lerman and Bie, 1975). Traditionally, only the
biological responses of amino acids were reported in the literature; however, due to the everchanging market for feed ingredients and poultry meat, the economic impact associated with a
particular feeding regime has also gained interest (Pesti et al., 2009; Kidd and Tillman, 2016).
Due to these continuous market changes, producers and breeder companies have embraced
amino acid levels that optimize broiler performance, but also maximize economic return.
Research has supported this previously, as that the amino acid level that improved broiler
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performance (e.g. BW, BW gain, and FCR) also maximized economic return (Perryman et al.,
2013; Tillman et al., 2013). However, this may vary depending on a variety of factors, including
amino acid of interest, ingredient nutritional quality/value, as well as the economic environment.
Therefore, the objective of this current study was to evaluate the dIle requirement of Ross 708 x
Ross YP male broilers from d 0-18 using multiple statistical methods, economic analysis, and
practical diet formulation to provide a dIle:dLys requirement that can be applied in an industry
setting.

Materials and Methods
Broiler Management
This study was conducted in agreement with the Mississippi State University Institutional
Animal Care and Use Committee (IACUC # 15-099). On d of hatch, Ross 708 x Ross YP male
broiler chicks were obtained from a local hatchery (Peco Foods Inc., Gordo, AL). Birds were
allocated equally to 96 floor pens (1.219 x 1.524 m; 25 birds/pen; 0.074 m2/bird) at the
Mississippi State University Poultry Research Unit. The solid sided grow-out house contained
current commercial broiler house equipment, including a Cumberland Edge Controller
(Cumberland, Assumption, IL), two evaporative cool cells (12 m), 3 radiant tube heaters, 1
forced air heater, and 4 fans (1.2 m). Negative air pressure was used to achieve cross ventilation.
Each pen’s bedding consisted of used litter obtained from the Mississippi State University
commercial broiler houses (~10 years old, 41 flocks). Feed and water were provided to the birds
for ad libitum consumption using/utilizing four drinking nipples and one tube-type feeder per
pen (16 kg capacity). From d 0-7, feed was provided on a feed tray to ensure chick access, then
transitioned to the tube feeder. Temperature and lighting schedule were in accordance with Ross
30

breeder standards (Ross Tech Lighting for Broilers, 2010). The target ambient house temperature
on d 0 was 32.2°C and on d 4 it was decreased to 31.1°C. Starting on d 7, there was a gradual
decrease in temperature of 0.5°C per day until 23.8°C was achieved on d 18. Light was provided
to the birds at full intensity via LED bulbs (26.9 lux) for 24 hrs from d 0 to 7; following d 7, a 4hour reduction in light hours began and continued through d 18. There was also a decrease in
light intensity starting on d 10 and this continued until d 18, when the target intensity of 2.69 lux
was achieved.

Experimental Diet Preparations
Prior to formulation, corn and soybean meal were analyzed for total AA content (AOAC
982.30 mod, 994.12 mod, 988.15 mod; Eurofins Scientific Inc., Des Moines, IA), as well as
scanned using Near Infrared (NIR) Spectroscopy (FOSS) to obtain digestibility coefficient
values for more accurate formulation. Initially two diets were formulated, the Deficient (52%
dIle:dLys) and the PRAC-CON (67% dIle:dLys) diets; AME was at 3000 kcal/kg (100% breeder
nutrient recommendations), while digestible lysine was based off of 95% of nutrient
specifications (Ross 708 Nutrition Specifications, 2019). Formulated crude protein was intended
to be within 1.5 % of the PRAC-CON, as we hypothesized that this level of reduction would not
negatively influence performance. However, due to formulation constraints associated with the
target dIle and analyzed ingredients, the Deficient diet was slightly below target (20.5%) and the
PRAC-CON was above (22.13%).
All ingredients were similar, except the Deficient diet also contained synthetic Glutamine
and Glycine to combat the reduced crude protein concentration driven by the low dIle. This
supplementation was done in attempt to prevent any confounding performance effects associated
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with decreased crude protein in the diet. All diets contained a commercially available phytase
(Optiphos® 2000 PF - E. coli derived; Huvepharma Inc., Peachtree City, GA) and the matrix
values utilized were based on manufacturer recommendations (sparing 0.15% Ca and aP). Basal
diets were batched and mixed for 5 minutes dry and 10 minutes post fat inclusion within a 0.907tonne vertical screw mixer (Jacobson Machine Works. Minneapolis, MN). The Deficient diet
was manufactured first, and half was retained to create the Summit diet (82% dIle:dLys) through
the supplementation of crystalline Ile; this inclusion of crystalline Ile was followed by a 5 minute
mix time.
To provide an additional 5 diets varying in dIle:dLys, the Deficient and Summit diets
were blended in different ratios prior to pelleting to create the remaining dIle:dLys ratios of 57,
62, 67 (BLEND-CON), 72, and 77%, respectively; Table 2.1). To verify this blending technique,
the PRAC-CON diet (67% dIle:dLys; PRAC-CON) was separately manufactured; this diet is
used throughout the paper as a comparison to the BLEND-CON diet containing 67% dIle:dLys.
The ratio of 67% dIle:dLys was utilized for the controls, as that was the Ross 708 dIle:dLys
recommendation at the time the study was conducted (Ross 708 Nutrition Specifications;
Aviagen, 2019).
Diets were pelleted at the USDA Poultry Research Unit (Starkville, MS) in order of
increasing dIle:dLys for the standard curve diets; after, the mixer was flushed and the PRACCON diet was pelleted. Diets were conditioned for 10 seconds at 81°C (steam pressure of 262
kPa) and pelleted using a 40 horsepower California Pellet Mill. Directly after pelleting, diets
were cooled, then crumbled. Feed samples were collected on the day of pelleting throughout
each run and sent for laboratory analysis (Table 2.2; Eurofins Scientific Inc., Des Moines, IA).
Experimental diets were provided as crumbles from d 0 to 18.
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Measured Variables
Each bird was weighed on d 0 and 18; average body weight (BW), BW gain (BWG),
average feed intake/bird (FI), feed conversion ratio (FCR) adjusted for mortality from d 0 to 18,
coefficient of variation (CV) of ending BW, and total Ile intake/bird (g) were calculated. The
measured variables can be found in Tables 2.3 and 2.4.

Economic Analysis
To evaluate the potential profitability of diets varying in percent dIle:dLys, diet and
production costs per bird were calculated. These calculations included metrics obtained from the
broken line regression model (in cents and dollar; from d 0 to 18) and ingredient prices from the
Chicago Board of Trade (CME Group Inc.; Obtained October 2019). Data are provided in Table
2.5, and the equations utilized are listed below:
1. Total feed cost/tonne (dollar) = Sum of (dollar/kg of ingredient prices * each respective
ingredient amount)
2. Dollar/kg of feed = Total feed cost/tonne ÷ 1000
3. Cents/kg of feed = Dollar/kg of feed * 100
4. Total feed cost/bird (cents) = Average feed intake (kg) * cents/kg of feed
5. Feed cost/kg of gain (cents) = Cents/kg of feed * FCR
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Statistical Analysis
The current study utilized a randomized complete block design (RCBD), in which 8
treatments were replicated in 12 floor pens. The experimental period was from d 0-18; each floor
pen had 25 chicks/pen (0.074 m2/bird) and was considered the experimental unit. Due to total
analyzed Ile values being in agreement with the total formulated values, formulated dIle:dLys
values were used in statistical analysis.
Initially, performance data were analyzed using the GLM procedure in SAS (SAS
Institute Inc., Cary, NC); differences among means were explored by Fisher’s least significant
difference, and statistical significance was set at P-value ≤ 0.05. Preplanned contrasts were also
performed to determine individual treatment comparisons among the PRAC-CON (67%
dIle:dLys) and either the BLEND-CON (67% dIle:dLys) or 72% dIle:dLys.
To estimate the dIle requirement for BW, BWG, and FCR, multiple methods were
utilized. First, data were analyzed using PROC REG (SAS Institute Inc., Cary, NC). Methods
employed a linear regression model and then a quadratic regression model, in which the dIle
requirement was calculated at 95% of the asymptote when a significant quadratic response was
observed (P≤0.05). Next, linear broken line and quadratic broken line models were determined
when a significant response occurred (P≤0.05) using Practical Program for Modeling (GarciaNeto et al., 2015) and then confirmed using the PROC NLIN option of SAS (SAS Institute Inc.,
Cary, NC; Robbins et al., 2006).
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Results and Discussion
Broiler Performance
No significant differences were observed for percent mortality, FCR, and FI/bird
throughout the study (P>0.05; Table 2.3). Data from d 0-18 for BW and BWG (P<.0001; Table
2.3) demonstrated that broilers fed 52 % dIle:dLys had the lowest d 18 BW and BWG. Birds fed
77 and 82 % dIle:dLys demonstrated the highest d 18 BW and BWG; while 62 and 72 %
dIle:dLys performed statistically similar. Birds receiving the 57 and 67 (BLEND-CON) %
performed intermediately; however, 67 (BLEND-CON) % dIle:dLys performed statistically
similar to birds fed 62, 72, 77, and 67 (PRAC-CON) % dIle:dLys. Based on the current finding’s
BW and BWG were found to be improved as the dIle:dLys ratio increased until reaching 67%
dIle:dLys, which allowed for the bird’s requirement to be met and can be noted due to similar
performance when supplementing above 67 (BLEND-CON) % dIle:dLys.
For d 18 CV of ending BW (P=0.0003; Table 2.3), birds fed 82 % dIle:dLys had the
lowest CV, but were similar to broilers receiving 62, 67 (PRAC-CON) 72, and 77 % dIle:dLys.
Broilers fed 57 and 67 (BLEND-CON) % dIle:dLys had a CV higher than those fed 82 %
dIle:dLys and lower than 52 % dIle:dLys; however, similar to the other treatments. Birds
receiving 52 % dIle:dLys had the highest CV. Preplanned contrasts demonstrated no significant
differences when individually comparing 67% dIle:dLys (PRAC-CON) to 67% (BLEND-CON)
dIle:dLys (P=0.257; Table 2.3). These findings are in agreement with previous research that has
shown that as dietary amino acids are increased, broiler uniformity is improved (Corzo et al.,
2004).
Data for d 0-18 Total Ile intake/bird (g) was calculated utilizing the analyzed total Ile of
the diet (Table 2.2) fed during the starter phase and multiplying it by the starter feed intake for
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each treatment, on a per bird basis. These data demonstrated that as birds were fed increasing %
dIle:dLys, there was a stepwise increase in Ile intake (g/bird; P<.0001; Table 2.3). Birds fed 82
% dIle:dLys demonstrated the highest Ile intake/bird, while those fed 52 % dIle:dLys exhibited
the lowest (P<.0001; Table 2.3). These differences were expected due to the stepwise increase in
% dIle:dLys provided via the experimental diets (Hirai, 2019). Additionally, significant
differences (P=0.006; Table 2.3) for preplanned contrasts demonstrated that birds fed 67%
dIle:dLys (PRAC-CON) had a higher Ile intake per bird as compared to 67% dIle:dLys
(BLEND-CON). This was likely attributed to the lower digestibility coefficient for the PRACCON, as all dIle was in the form of the intact protein, while the BLEND-CON utilized synthetic
Ile to obtain 67% dIle:dLys (Chung and Baker, 1992; Selle et al., 2020).

Regression Analysis
Significant QR, LBL, and QBL responses were observed for increasing dietary dIle:dLys
levels for BWG from 0 to 18 d (P<0.05; Table 2.4). These data suggest that the dIle:dLys
requirement for male Ross 708 × Ross YP broilers for BWG was 73% based on QR (P= 0.006;
R2=0.80; Table 2.4); 63% based on LBL (P=0.005; R2=0.93; Table 2.4); and 66% based on QBL
(P=0.004; R2=0.94; Table 2.4). Similar estimates were obtained for BW with the optimal
dIle:dLys ratio estimated to be 63% based on LBL (P=0.006; R2=0.92; Table 2.4); and 66%
based on QBL (P=0.004; R2=0.94; Figure 1). Additionally, for d 0-18 FCR, based on QR the
optimal dIle:dLys ratio was estimated to be 72% (P=0.023; R2=0.85; Figure 2.1; Table 2.4); 68%
dIle:dLys (P=0.027; R2=0.86; Table 2.4) for LBL model, and 74% dIle:dLys (P=0.020; R2=0.90;
Figure 2.2; Table 2.4) for the QBL model. For CV of ending BW there were significant
responses for LBL (P=0.033; R2=0.81; Table 2.4) and QBL (P=0.034; R2=0.81; Table 2.4)
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models, which estimated the optimal dIle:dLys ratio to be 60 and 63%, respectively. Although
not significant, there were trends for QR model for both BW, FCR, and CV of ending BW with
the dIle:dLys requirement for BW estimated to be 73% (P=0.060; R2=0.80; Table 2.4), and 74%
for CV of ending BW (P=0.060; R2=0.80; Table 2.4).
These data demonstrate differences when utilizing different statistical models; however,
these differences were expected (Pesti et al., 2009). Ultimately, data suggest the dIle:dLys
requirement for male Ross 708 × Ross YP broilers during the first 18 days of age ranges from
63-73% for BW and BWG, and 68-74% for FCR. A previous proceedings paper reviewed the
dIle:dLys requirements from 8 papers utilizing different commercial broiler strains, sexes, and
experimental periods (Tillman and Dozier, 2013). In agreement with the current study, they
concluded the requirements for FCR to be higher than that for BW and BWG (Kidd et al., 2000;
Corzo et al., 2004; Kidd et al., 2004; Hale et al., 2004a; Campos et al., 2009; Helmbrecht et al.,
2010; Mejia et al., 2011; Dozier et al., 2012; Tillman and Dozier, 2013). Specifically reviewing
starter phase studies (d 7-21; Campos et al., 2009; Helmbrecht et al., 2010; Tillman and Dozier,
2013), research utilizing x at Qmax estimated the dIle:dLys to be 67.5 % for BW, BWG, and
FCR; while using EA (95% of asymptote), the dIle:dLys requirements were 61% for BWG and
FCR. Additionally, Tillman and Dozier (2013) suggested that the dIle:dLys requirement for the
starter phase (d0-14) across all metrics to be 66%, based on previous research (Kidd et al., 2000;
Corzo et al., 2004; Kidd et al., 2004; Hale et al., 2004; Campos et al., 2009a; Helmbrecht et al.,
20010; Mejia et al., 2011; Dozier et al., 2012).
Based on the QR model, the dIle:dLys estimates for BW and BWG were found to be 73%
and 72% (Table 2.4); when comparing to previous research, these estimates are higher than those
reported by Campos et al. (2009a), Helmbrecht et al. (2010), and Ross 708 recommendations
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(Ross 708 Nutrition Specifications; Aviagen, 2019). It is important to note that the
aforementioned studies utilized male Cobb x Cobb 500 broilers and an experimental period from
d 7-21; as such, differences were expected when comparing their results to the current study. As
stated previously, an additional aspect to take into consideration when estimating requirements is
economic feasibility. Therefore, the authors compared estimates obtained from regression
models across all metrics and chose the dIle:dLys ratios of 67, 70, and 72% to be further
explored with the practical formulation and economic analysis.

Economic Analysis
Diets were formulated to 67, 70, and 72% dIle:dLys with practical ingredients and all
other nutrient specifications similar. Production cost per bird was calculated using feed cost
obtained using ingredient prices from the Chicago Board of Trade (CME Group Inc.; Obtained:
October 2019) and metrics obtained from the broken line regression model (in cents and dollar;
from d 0 to 18). These data demonstrated that at 18 d of age, total feed cost/tonne increased as %
dIle:dLys increased; however, the feed cost/kg of gain (cents) was lowest for birds receiving
70% dIle:dLys (Table 2.5). Increasing the dIle:dLys ratio of the diet increased the crystalline Ile,
which increased the overall feed costs and total feed cost/bird (cents); however, these costs
diminished due to the observed lower FCR for these higher ratios, especially 70% dIle:dLys. As
such, the diet formulated to 70% dIle:dLys was identified as the advantageous choice
economically. It should be noted that all diets used for the economic analysis included crystalline
Ile, which could float within formulation inclusion to meet the requirement within least-cost
formulation practices.
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While this economic analysis represents a snapshot in time using market prices just prior
to publication, the authors believe it is important to consider; future decreases in crystalline Ile
production costs may result in recommendation changes and allow for a higher dIle:dLys ratio to
be utilized. These findings demonstrate the importance not only for determining a requirement
based on performance, but also considering the practical application and economics to ensure a
comprehensive approach to make the best decision. Also, it is important to routinely evaluate the
relationship between feed costs and growth performance, as feed ingredients and chicken market
pricing change periodically.

Summary
This study separates itself from other requirement papers as it considers several factors,
including the entire starter phase (d 0-18), performance response, statistical model, economics,
and practicality to determine the starter dIle:dLys requirements of male Ross 708 x Ross YP
broilers. Given these parameters, data from the current study suggest that the optimum starter
dIle:dLys ratio for male Ross 708 × Ross YP broilers is 70%. Further research should evaluate
optimum dIle:dLys ratios of the same broilers utilizing the same approach during the remaining
grow-out phases.

Conclusions and Applications
1. Day 0-18 data demonstrated that birds fed diets formulated to exceed dIle:dLys breeder
recommendations at the time of the study (>67%) had improved growth performance,
especially for BW and BWG.
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2. As expected, the optimum dIle:dLys ratio varied among statistical models and response
variables. Regression analyses demonstrated the optimum dIle:dLys ratios for BW and
BWG varied from 63 to 73% for three different statistical methodologies (LBL, QBL,
and QR). For FCR, the optimal dIle:dLys ratio ranged from 68-74% using LBL and QBL.
Additionally, for CV of ending BW the estimated optimal dIle:dLys ratio ranged from 60
to 63% when utilizing LBL and QBL models.
3. Utilizing a comprehensive approach considering performance, regression modeling,
economics, and practical least-cost diet formulation, the authors estimate the 0-18 d
optimum dIle:dLys ratio to be 70% for Ross 708 x Ross YP male broilers.
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Table 2.1

Experimental diet formulations for the deficient and PRAC-CON1 diets during the
starter phase (d 0-18)
Ingredient Name

Corn
Soybean meal (48% CP)
Poultry fat
L-Glutamine
Glycine
Defluorinated phosphate
Calcium carbonate
Sodium Bicarbonate
Salt
Copper Sulfate
L-Lysine HCl
L-Threonine
L-Valine
L-Tryptophan
L-Arginine
Phytase2
DL-Methionine
Vitamin-trace mineral
Choline Cl-60%
Coccidiostat3
Nutrient Name
AME (kcal/kg)
Crude protein (%)
Calcium (%)
Total phosphorus (%)
Available phosphorus (%)
Sodium (%)
Potassium (%)
Chloride (%)
Digestible Lysine (%)
Digestible Methionine (%)
Digestible Methionine + Digestible Cysteine (%)
Digestible Tryptophan (%)
Digestible Threonine (%)
Digestible Isoleucine (%)
Digestible Valine (%)
Digestible Arginine (%)

52% dIle:dLys
67% dIle:dLys
(Deficient)
(PRAC – CON)
68.34
58.09
25.07
35.83
0.92
2.92
0.79
0.49
1.61
1.57
0.41
0.33
0.14
0
0.11
0.27
0.05
0.05
0.47
0.12
0.27
0.13
0.25
0.07
0.02
0.31
0.02
0.02
0.42
0.31
0.25
0.25
0.02
0.02
0.05
0.05
Calculated Nutrients (%)4
3000
3000
20.55
22.13
0.96
0.96
0.62
0.66
0.48
0.48
0.16
0.18
0.74
0.93
0.19
0.22
1.22
1.22
0.69
0.63
0.91
0.90
0.21
0.25
0.82
0.82
0.63
0.82
0.92
0.91
1.13
1.32

1

67% dIle:dLys (PRAC-CON), was made to compare to the blended diet 67% dIle:dLys (BLEND-CON). Deficient (52% dIle:dLys) and Summit (82% dIle:dLys) basal diets were batched and mixed in different ratios prior to
pelleting for the creation of the remaining dIle:dLys ratios and can be found below.
•
52% dIle:dLys – 100:0 (Deficient:Summit)
•
57% dIle:dLys– 83.4:16.7 (Deficient:Summit)
•
62% dIle:dLys– 66.7:33.3 (Deficient:Summit)
•
67% dIle:dLys-50:50 (Deficient:Summit)
•
72% dIle:dLys– 33.3:66.7 (Deficient:Summit)
•
77% dIle:dLys– 16.7:83.3 (Deficient:Summit)
•
82% dIle:dLys– 0:100 (Deficient:Summit)
2
OptiPhos 2000 (E.Coli phytase; sparing 0.15% Ca and aP). Huvepharma, Peachtree City, GA.
3
Zoamix (Zoalene; 0.0125% inclusion). Zoetis, Parsippany, NJ.
4
Analyzed nutrient values were obtained from analyzed nutrient composition of corn and soybean meal
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Table 2.2

Analyzed nutrients for starter (d 0-18) experimental diets varying in dIle:dLys
dIle:dLys Ratios

Nutrient

52%
dIle:dLys

57%
dIle:dLys

62%
dIle:dLys

Crude protein2

20.13

21.06

20.63

Lysine3
Threonine4
Methionine5
Cystine6
Arginine7
Isoleucine8
Leucine9
Valine10
Histidine11
Tryptophan12
Glutamic acid13
Alanine14
Aspartic acid15
Phenylalanine16
Tyrosine17
Proline18
Glycine19
Serine20

1.40
0.90
0.63
0.25
1.32
0.72
1.51
1.04
0.47
0.24
3.80
0.92
1.73
0.86
0.47
1.11
1.19
0.85

1.36
0.92
0.64
0.25
1.38
0.79
1.55
1.09
0.49
0.24
3.85
0.93
1.78
0.87
0.52
1.12
1.17
0.89

1.46
0.92
0.63
0.24
1.40
0.86
1.58
1.13
0.49
0.24
3.90
0.94
1.81
0.88
0.49
1.19
1.23
0.88

67% dIle:dLys
(BLEND-CON)1
19.94
Total Amino Acids
1.41
0.89
0.62
0.25
1.35
0.91
1.56
1.07
0.47
0.25
3.82
0.93
1.75
0.88
0.49
1.12
1.18
0.86

*

72%
dIle:dLys

77%
dIle:dLys

82%
dIle:dLys

21.50

20.44

21.06

67%
dIle:dLys
(PRAC-CON)1
22.44

1.34
0.91
0.64
0.26
1.44
0.97
1.62
1.11
0.52
0.24
3.96
0.97
1.86
0.91
0.56
1.18
1.18
0.92

1.39
0.91
0.59
0.25
1.38
1.02
1.58
1.12
0.50
0.25
3.89
0.95
1.80
0.88
0.50
1.18
1.16
0.88

1.44
0.91
0.61
0.25
1.40
1.07
1.60
1.08
0.49
0.25
3.91
0.95
1.83
0.90
0.52
1.15
1.22
0.90

1.42
0.96
0.60
0.29
1.46
0.97
1.87
1.17
0.60
0.30
4.01
1.10
2.29
1.10
0.71
1.33
0.93
1.09

All feed samples were analyzed by Eurofins Scientific Inc, Des Moines, IA.
PRAC-CON was the control diet which was formulated to have 67% digestible Isoleucine: digestible Lysine (dIle:dLys). In order to verify the mixing technique, The BLEND-CON was made by blending the Deficient and Summit diet and was used as a comparison to the PRAC-CON which
was formulated to contain 67% dIle:dLys
2
AOAC 920.39; Robust Standard Deviation ± 0.78%
3
AOAC 982.30 mod.; Robust Standard Deviation ± 3.28%
4
AOAC 982.30 mod.; Robust Standard Deviation ± 0.96%
5
AOAC 994.12; Robust Standard Deviation ±0.78%
6
AOAC 994.12; Robust Standard Deviation ± 3.10%
7
AOAC 982.30 mod.; Robust Standard Deviation ± 1.99%
8
AOAC 982.30 mod.; Robust Standard Deviation ± 2.19%
9
AOAC 982.30 mod.; Robust Standard Deviation ± 0.63%
10
AOAC 982.30 mod.; Robust Standard Deviation ± 1.66%
11
AOAC 982.30 mod.; Robust Standard Deviation ± 0.91%
12
AOAC 988.15; Robust Standard Deviation ± 2.33%
13
AOAC 982.30 mod.; Robust Standard Deviation ± 0.69%
14
AOAC 982.30 mod.; Robust Standard Deviation ± 0.89%
15
AOAC 982.30 mod.; Robust Standard Deviation ± 0.96%
16
AOAC 982.30 mod.; Robust Standard Deviation ± 1.07%
17
AOAC 982.30 mod.; Robust Standard Deviation ± 4.66%
18
AOAC 982.30 mod.; Robust Standard Deviation ± 1.96%
19
AOAC 982.30 mod.; Robust Standard Deviation ± 1.19%
20
AOAC 982.30 mod.; Robust Standard Deviation ± 1.29%
1
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Table 2.3

The effect of varying %dIle:dLys concentrations on day 0 to 18 Ross 708 x Ross YP male broiler performance.
% dIle:dLys Ratios

d0 Avg1
BW2 (kg)

d18 Avg1
BW2 (kg)

BWG3
(kg/bird)

FI4/bird
(kg)

Percent
Mortality5

FCR6

CV7

52
57
62
67 (BLEND-CON)9
72
77
82
67 (PRAC-CON)9
P-value

0.043
0.043
0.043
0.043
0.043
0.043
0.043
0.043
0.611

0.626d
0.665c
0.685ab
0.680bc
0.691ab
0.698a
0.700a
0.698a
<.0001

0.583d
0.621c
0.642ab
0.637bc
0.647ab
0.655ab
0.657a
0.655ab
<.0001

0.795
0.771
0.806
0.792
0.814
0.813
0.822
0.818
0.277

0.004
0.008
0.015
0.011
0.011
0.008
0.011
0.011
0.946

1.300
1.295
1.245
1.257
1.235
1.242
1.245
1.237
0.059

14.312a
12.167b
10.877bc
12.046b
10.745bc
11.425bc
10.161c
11.091bc
0.0003

Total Ile
Intake8
(g/bird)
5.731e
6.094e
6.928d
7.206d
7.891c
8.295b
8.791a
7.923bc
<.0001

SEM10

0.00004

0.007

0.007

0.015

0.006

0.018

0.576

0.134

1.000

0.416

0.257

0.0006

Probabilities for Preplanned Contrasts
67%
(PRAC-CON)
vs.

67%
(BLEND-CON)

0.937

0.059

*

0.065

0.251

Differing letters within a column demonstrate a significant difference
Average
Body Weight
3
Body Weight Gain
4
Feed Intake is based on a per bird basis
5
Mortality percentage is based on a beginning pen number of birds per pen (25)
6
Feed Conversion Ratio (Feed:Gain) was adjusted with mortality weight
7
Coefficient of Variation
8
Total isoleucine intake g/bird was calculated utilizing the analyzed total isoleucine of the diet (Table 2) fed during the feeding period and multiplying it by the intake during the feeding period on a per bird basis.
9
The BLEND-CON diet was formulated to ratio of 67% digestible Isoleucine:digestible Lysine (dIle:dLys). In order to verify the mixing technique, The PRAC-CON was made and compared to the BLEND-CON which was the formulated to contain 67% dIle:dLys
10
Standard Error of the Mean
1
2
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Table 2.4

Digestible Isoleucine: digestible Lysine (% dIle:dLys) requirements of Ross 708 x Ross YP male broilers form 0 to 18
days of age based on linear broken line, quadratic broken line, and quadratic regression models.
Model

Linear broken line

Quadratic broken line

Quadratic Regression2

Response variable
BW3
BWG4
FCR5
CV6
BW
BWG
FCR
CV
BW7
BWG8
FCR9
CV10

Estimated % dIle:dLys
requirement
63
63
68
60
66
66
74
63
73
73
72
74

1

Estimated % dIle
requirement1
0.76
0.76
0.83
0.73
0.80
0.80
0.90
0.77
0.89
0.89
0.88
0.90

P-value

R2

0.006
0.005
0.027
0.033
0.004
0.004
0.020
0.034
0.060
0.006
0.023
0.060

0.92
0.93
0.86
0.81
0.94
0.94
0.85
0.81
0.80
0.80
0.85
0.75

Estimated % dIle based off 1.22 dLys
Quadratic Regression model, in which the dLys requirement was calculated by 95% of the asymptote
3
Body Weight (kg)
4
Body Weight Gain (kg)
5
Feed Conversion Ratio (Feed:Gain) was adjusted with mortality weight
6
Coefficient of Variation of Ending BW
7
Body Weight Calculated values were derived using the regression equation: y = -0.65261x2+1.22862x+0.12050; where y= Body Weight and x= dIle
8
Body Weight Gain. Calculated values were derived using the regression equation: y = -0.65034x2+1.22476x+0.07887; where y= Body Weight Gain and x=dIle
9
Feed Conversion Ratio (Feed:Gain) was adjusted with mortality weight. Calculated values were derived using the regression equation: y = 0.73595x2+ -1.36756x+1.87331; where y= FCR and x= dIle
10
Coefficient of Variation of Ending BW. Calculated values were derived using the regression equation: y = 32.01930x2-60.79612x+39.44377; where y= Coefficient of Variation and x=dIle
2

45

Table 2.5

Potential gross bird profit/potential saving for practical starter diet formulations
varying in dIle:dLys

Potential gross savings using growth
performance data
Total feed cost/tonne (dollar)
Dollar/kg of feed2
Cents/kg of feed3
Total feed cost/bird (cents)4
Feed cost/kg of gain (cents)5

1

67%
265.19
0.265
26.52
20.45
34.48

*

dIle:dLys
70%
268.64
0.269
26.86
21.65
33.41

72%
270.94
0.271
27.09
22.05
33.46

The dIle:dLys ratios were formulated to contain practical ingredients and only vary in % dIle:dLys
All performance values were obtained using the prediction equation from the quadratic broken line model
Total feed cost/tonne (dollar) = Sum of (dollar/kg of ingredient prices * each respective ingredient amount); ingredient prices were obtained from Chicago Board of Trade CME Group Inc.;
Obtained: October 2019 . Ingredient prices ($/tonne): Corn = $148.81; soybean meal = $333; poultry fat = $573; defluorinated phosphate = $441; calcium carbonate = $39; salt = $121; sodium
S-carb = $606; vitamin-trace mineral = $1,714; selenium premix = $265; DL-methionine = $2,350; L-lysine = $1,543; L-threonine = $2,450; L-valine = $6,061; Phytase = $10,755; L- Arginine
= $5,000; Sodium Bicarbonate = $606; Zoamix = $10,293; Copper Sulfate = $4,617; Choline-Cl, 60% = $1,278; L- Isoleucine = $11,000; L-Tryptophan = $7,000)
2
Dollar/kg of feed = Total feed cost/tonne ÷ 2000
3
Cents/kg of feed = Dollar/kg of feed ÷ 100
4
Total feed cost/bird (cents) = Average feed intake (kg) * Cents/kg of Feed
5
Feed cost/kg of gain (cents) = Cents/kg of feed * FCR
*
1
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Figure 2.1

Quadratic Regression analysis for d 0-18 FCR1 for Ross 708 x Ross YP male
broilers

P = 0.023
R2 = 0.85
1
Feed Conversion Ratio; Calculated values were derived using the regression equation: y = 0.00010955x2-0.01677x+1.87960; where y= FCR and
x= dIle:dLys ratio
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Figure 2.2

Quadratic Broken Line Analysis for d 0-18 FCR1 for Ross 708 x Ross YP male
broilers

P = 0.020
SSE = 0.0006
R2 = 0.85
1
Feed Conversion Ratio
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CHAPTER III
DETERMINING THE OPTIMAL DIGESTIBLE ISOLEUCINE TO LYSINE RATIO OF ROSS
708 X ROSS YP MALE BROILERS FROM 14 TO 28 DAYS OF AGE
Summary
Previous research within our laboratory determined the optimal male Ross 708 dIle:dLys ratio
for the starter phase to be greater than recent breeder recommendations (70 vs. 67%). Thus, the
current objective was to assess the next growth phase (grower) in order to evaluate the optimal
dIle:dLys ratio for maximized growth performance of Ross 708 x Ross YP male broilers. On d of
hatch, 2,400 chicks were equally allocated to 96 pens and fed a common starter diet. On d 14,
pen weights were equalized by block (12 replications/treatment). Experimental grower diets (d
14-28) were created from a common Deficient (53% dIle:dLys) corn and soybean meal-based
diet. After batching, half of the Deficient was used to create the Summit (83% dIle:dLys). The
remaining 5 experimental diets ranged from 58 to 78% dIle:dLys and were blended proportions
of the Deficient and Summit diets. A practical control diet (PRAC-CON; 68% dIle:dLys) was
manufactured separately to verify the blended control diet (BLEND-CON; 68% dIle:dLys). All
dIle:dLys ratios were estimated using quadratic regression (QR; 95% of the asymptote), as well
as linear and quadratic broken line models (LBL; QBL). Based on the current data and using
multiple regression models the estimated ratios ranged from 62-68% for BW and BWG, and 6770% for FCR and are similar to the current breeder nutrient specifications for the grower phase.
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Further research should evaluate dIle:dLys requirements of male Ross 708 × Ross YP broilers
during the remaining grow-out phases.

Description of the Problem
Previous research within our lab utilizing Ross 708 x Ross YP male broilers determined
the optimal starter (d 0-14) dIle:dLys ratio to be 70%, as that compared to 67%, the suggested
ratio from breeder recommendations (Ross 708 Nutrition Specifications, Aviagen, 2019). These
data are likely attributed to the continuous improvement of broiler genetics via primary breeder
companies to improve nutrient utilization of their commercial broiler strains (Havenstein et al.,
2003). This has resulted in dramatic improvements of growth rate for current broiler strains,
translating to fewer grow out days (Zuidhof et al., 2014). As such, current broiler strains
consuming less feed per unit of body weight gain and having a greater accretion for meat yield.
These advancements are ultimately maximized when broilers are given higher dietary amino acid
levels as compared to previous commercial strains; thus, warranting amino acid requirement
research to be conducted as strains evolve.
Another area that should be considered along with the biological response of broilers to
determine the optimal nutrient level, is the economic return (Lerman and Bie, 1975). Due to the
everchanging market for feed ingredients and poultry meat, economics have begun to play an
important role in selecting the optimal amino acid requirement along with the biological
response of the bird (Pesti et al., 2009; Kidd and Tillman, 2016). Due to these constant changes,
producers have moved towards selecting the optimal amino acid level that not only optimizes
broiler performance but economics as well.
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Amino acids, such as Lysine, Methionine, and Cysteine, are continuously researched and
reevaluated due to their ability to support efficient growth (Baker, 2009; Kidd et al., 2013).
However, further limiting AA, such as Isoleucine, have been found to improve growth and
processing characteristics when supplemented at levels that meet the requirement for broilers;
therefore, verifies the importance to reevaluate further limiting amino acids due to genetic
improvements (Corzo et al., 2009). Though literature regarding the optimal dIle:dLys ratio for
current genetic strains is limited, Wise and cohorts (2020) determined the optimal dIle:dLys ratio
for d 21-35 Ross 708 x Ross YP male broilers to be 64 and 72.5% for BWG and FCR,
respectively. Additionally, the authors determined the optimal ratio for breast meat weight and
yield to be 66.1 and 70.9% dIle:dLys, respectively.
Of the documented literature investigating the optimal dIle:dLys ratio, various genetic
strains have been utilized; however, none have taken into account processing measurements,
multiple statistical models, and economics as a whole, which may more accurately describe the
optimal dIle:dLys ratio. Therefore, the objective of this current study was to evaluate the dIle
requirement of Ross 708 x Ross YP male broilers from d 14-28 using multiple statistical models,
economic analysis, and practical diet formulation to provide a dIle:dLys requirement that can be
applied in an industry setting.

Materials and Methods
Broiler Management
This study was conducted in agreement with the Mississippi State University Institutional
Animal Care and Use Committee (IACUC # 15-099). On day of hatch, Ross 708 x Ross YP male
broiler chicks were obtained from a local hatchery (Peco Foods, Gordo, AL). The birds were
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allocated equally in 96-floor pens (1.219 x 1.524 m; 25 birds/pen; 0.074 m2/bird) at the
Mississippi State University Poultry Research Unit. The solid sidewall grow-out house contained
current commercial broiler house equipment, including Cumberland Edge Controller
(Cumberland, Assumption, IL), two evaporative cool cells (12 m), 3 radiant tube heaters, 1
forced air heater, and 4 fans (1.2 m). Negative air pressure was used to achieve cross-ventilation.
Pen bedding consisted of used litter obtained from the Mississippi State University commercial
broiler houses (~11 years old, 45 flocks). Feed and water were provided to the birds for ad
libitum consumption using/utilizing four drinking nipples and one tube-type feeder per pen (16
kg capacity).
From d 0-7, feed was provided on a feed tray to ensure chick access, then transitioned to
the tube feeder. Temperature and lighting schedule were in accordance with Ross breeder
standards (Ross Tech Lighting for Broilers, Aviagen, 2010). The target ambient house
temperature on d 0 was 32.2°C; on d 4 it was decreased to 31.1°C. At d 7, a gradual decrease in
temp of 0.5°C per day occurred until 23.8°C was achieved on d 18. Light was provided to the
birds at full intensity via LED bulbs (26.9 lux) for 24 hrs from d 0 to 7; following d 7, a 4-hour
reduction in light hours began and continued through d 18. There was also a decrease in light
intensity starting on d 10, and this continued until d 18 when the target intensity of 2.69 lux was
achieved.
Diet Preparations
For all ingredients prior to formulation, similar methodology described by Brown et al.,
2021 was utilized, whereas corn, soybean meal, and meat and bone meal were analyzed for total
AA content (AOAC 982.30 mod, 994.12 mod, 988.15 mod; Eurofins Scientific Inc., Des
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Moines, IA). These samples were also scanned using Near Infrared (NIR) Spectroscopy (FOSS)
to obtain digestibility coefficient values for more accurate formulation.
All diets contained a commercially available phytase (Optiphos® 2000 PF - E. coli
derived; Huvepharma Inc., Peachtree City, GA) and inclusion was based on manufacturer
recommendations (sparing 0.15% Ca and aP). Basal diets were batched and mixed for 5 minutes
dry and 10 minutes post fat inclusion within a 0.907-tonne vertical screw mixer (Jacobson
Machine Works. Minneapolis, MN). After batching, diets were pelleted at the USDA Poultry
Research Unit (Starkville, MS). Feed was conditioned for 10 s at 81°C (steam pressure of 262
kPa) and pelleted using a 40 horsepower California Pellet Mill (Crawfordsville, IN).
Common Starter Diet
Birds received a common starter diet in the form of crumbles from d 0 to 14 (Table 3.1).
These diets were formulated to meet current Ross 708 breeder recommendations (Ross 708
Nutrition Specifications, Aviagen, 2019), except for the dIle:dLys ratio. A ratio of 70%
dIle:dLys was used, as it was previously established as the starter phase optimum for this strain
by Brown and cohorts (2021). Finished feed samples for the starter diet were collected at
pelleting and sent off for laboratory analysis (Table 3.1; Eurofins Scientific Inc., Des Moines,
IA).
Experimental Grower Diets
Initially, two diets were formulated, the Deficient (53% dIle:dLys; Table 3.2) and the
PRAC-CON (68% dIle:dLys; Table 3.2) diets; AME was formulated to meet or exceed breeder
recommendations, while digestible lysine was based on 95% of nutrient specifications. The
following digestible amino acids were formulated to breeder recommendations Threonine, total
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sulfur amino acids, arginine, and valine. The remaining amino acids were formulated to have
similar ratios to that of breeder recommendations with the exception of dIle:dLys (Ross 708
Nutrition Specifications, 2019). Crude protein for the Deficient diet was formulated to be within
1.5% of the PRAC-CON, as we hypothesized that this level of reduction would not negatively
influence performance. This target was met, as the PRAC-CON and Deficient diets were
formulated to contain 20.37 and 19% crude protein, respectively.
As described by Brown and cohorts (2021), a similar methodology was utilized for the
experimental diet formulation, as well as the creation of the experimental diets. The Deficient
diet contained Glutamine to allow for the reduced crude protein concentration to be met without
seeing any negative effects on performance. The Deficient diet was batched first, and half was
retained to create the Summit diet (83% dIle:dLys) through the supplementation of crystalline
Ile; this inclusion of crystalline Ile was followed by a 5 minute mix time.
To provide an additional 5 diets varying in dIle:dLys, the Deficient and Summit diets
were blended in different ratios prior to pelleting to create the remaining dIle:dLys ratios of 58,
63, 68 (BLEND-CON), 73, and 78%, respectively; Table 3.2). To verify this blending technique,
the PRAC-CON diet (68% dIle:dLys) was separately formulated and batched; this diet will be
used throughout this paper as a comparison to BLEND-CON (68% dIle:dLys). The ratio of 68%
dIle:dLys was utilized for the controls, as that was the dIle:dLys breeder recommendation at the
time of this study (Aviagen, 2019).
Prior to pelleting, each treatment batch was mixed for five minutes in a horizontal double
ribbon mixer to create a homogenous mixture. Pelleting was performed in order of increasing
percent dIle:dLys. To prevent cross-contamination between 83% dIle:dLys and the PRAC-CON
(68% dIle:dLys), 50 kg of whole kernel corn was used to flush out the mixer. Experimental diets
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were provided as pellets from d 14 to 28 and were also analyzed for total amino acid
composition and are displayed in Table 3.3. Analyzed values of total amino acids for the
experimental diets were in the accepted range of variation (Eurofins Scientific Inc., Des Moines,
IA); therefore, the formulated dIle:dLys ratio was utilized for the statistical analysis throughout
this study.

Measured Variables
Live Performance
Each bird was weighed on d 14, and pen weights were equalized by block (22 birds/pen;
0.084 m2/bird; 96 pens) to ensure the observed differences were due to the experimental
treatments alone. Within a location, each group of eight pens was randomly allotted one of the
eight experimental grower diets (Table 3.3). Individual bird and pen feeder weights were
recorded on d 28 to measure performance variables of BW, BWG, FCR (adjusted for mortality),
FI, Total Ile Intake, and BW uniformity (CV). Mortality was not significant (P>0.05) in the
current study and was less than 5%; therefore, data are not included.
Processing
While it is not a common commercial practice to process birds at d 28, a goal of this
study was to determine if meat yield can be maximized at an earlier age due to optimizing the
dIle:dLys ratio. Therefore, four random birds were chosen from each pen after the d 28 weigh
day. The birds were placed on a 12-hour feed withdrawal program to ensure no fecal material
remained in the gastrointestinal tract. The broilers were cooped and processed on d 28 using a
commercial inline processing system at the Mississippi State University pilot processing plant.
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After processing, carcasses were chilled via immersion chilling for 4 hours at 1.5°C before
deboning. The following measurements were recorded: hot carcass weight, fat pad weight,
chilled boneless skinless breast weight, and tender weight; weights were used to calculate
processing yields.

Economic Analysis
To evaluate the potential profitability of diets varying in percent dIle:dLys, diet and production
costs per bird were calculated utilizing metrics obtained from the broken line regression model
(in cents and dollar; from d 14 to 28) and ingredient prices from the Chicago Board of Trade
(CME Group Inc.; Obtained: October 2019). Data are provided in Table 3.7 with the equations
utilized listed below:
1. Total feed cost/tonne (dollar) = Sum of (dollar/kg of ingredient prices * each respective
ingredient amount)
2. Dollar/kg of feed = Total feed cost/tonne ÷ 1000
3. Cents/kg of feed = Dollar/kg of feed *100
4. Total feed cost/bird (cents) = Average feed intake (kg) * cents/kg of feed
5. Feed cost/kg of gain (cents) = Cents/kg of feed * FCR
6. Total potential gross chicken part value/bird (cents) = sum of all potential gross chicken
part values/bird
7. Gross bird profit (cents) = Total potential gross chicken part value/bird (cents) – Total feed
cost/bird (cents)
8. Gross bird profit (dollars) = Gross bird profit (cents)/100
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Statistical Analysis
The experimental period was from d 14-28, whereas each floor pen consisted of 22
chicks/pen (0.084 m2/bird) and was considered the experimental unit. The current study
consisted of a randomized complete block design (RCBD), in which 8 treatments were replicated
in 12-floor pens.
Initially, to analyze performance data, the GLM procedure in SAS (SAS Institute Inc.,
Cary, NC) was utilized. To further separate differences among means, Fisher’s least significant
difference was used; significance was set at P-value ≤ 0.05. Preplanned contrasts were also
performed to determine individual treatment comparisons among the PRAC-CON (68%
dIle:dLys) and the BLEND-CON (68% dIle:dLys).
As described by Brown et al., 2021, multiple regression methods were utilized to estimate
the dIle requirement for BW, BWG, FCR, and tender yield. These methods included linear and
quadratic regression, whereas, for a significant quadratic response, the dIle requirement was
calculated at 95% of the asymptote (P≤0.05; PROC REG, SAS Institute Inc., Cary, NC). Linear
and quadratic broken line models were also determined using Practical Program for Modeling
(Garcia- Neto et al., 2015) and then confirmed using the PROC NLIN option of SAS (SAS
Institute Inc., Cary, NC; Robbins et al., 2006).

Results and Discussion
Broiler Performance
Multiple Comparisons
No significant difference was observed for d 14 average BW (P>0.05; Table 3.4); this is
important to note as it was the beginning of the experimental period and allows for the current
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findings to be attributed to the experimental diets fed from 14-28 d. Day 28 BW and d 14-28
BWG (P<0.0001; Table 3.4) demonstrated that broilers fed 53% had the lowest BW and BWG,
followed by birds fed 58 and 78% dIle:dLys. For the same metrics, birds fed the PRAC-CON
(68% dIle:dLys) exhibited the highest BW and BWG, though similar to 63 and 68 (BLENDCON) % dIle:dLys (BW and BWG), and 73% dIle:dLys (BW only). Additionally, birds
receiving 83% dIle:dLys performed intermediately but were statistically similar to birds fed 63,
68 (BLEND-CON), 73, and 78% dIle:dLys for BW and BWG. For preplanned contrasts, there
were no significant differences between the PRAC-CON and the BLEND-CON for BW and
BWG (P=0.577 and 0.312, respectively; Table 3.4). Ultimately, the current findings demonstrate
that as the dIle:dLys ratio increased, BW and BWG improved until 63% dIle:dLys and ultimately
plateaued. These results indicate that the bird’s requirement was met and can be noted due to the
similar performance when supplementing above 68% dIle:dLys (BLEND-CON) for all other
ratios.
For d 28 CV of ending BW broilers fed 53% dIle:dLys demonstrated the highest CV;
however, were similar to that of broilers fed 58 and 78% dIle:dLys (P=0.0003; Table 3.4). Birds
receiving 73% dIle had the lowest CV, with birds fed the 63% dIle:dLys, as well as the PRACCON (68% dIle:dLys), and BLEND-CON (68% dIle:dLys) performing similarly. In general, as
birds were fed increasing dIle:dLys, CV decreased until 78%. More specifically, birds fed 78%
dIle:dLys had a similar CV to birds fed 53, 58, 63, 68 (BLEND-CON and PRAC-CON) and 83%
dIle:dLys. Additionally, it is important to note that there was no significant difference (P=0.705;
Table 3.4) between the PRAC-CON (68% dIle:dLys) and the BLEND-CON (68% dIle:dLys) for
the preplanned contrast analysis. Overall, these findings are in agreement with previous research
that has shown that uniformity is improved as dietary amino acids are increased until the
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broiler’s requirement is met (Corzo et al., 2004); this can be verified through the observed
decrease in CV when supplementing increasing amounts of % dIle:dLys until reaching 73%.
Data from d 14-28 FI/bird (P<0.0001; Table 3.4) demonstrated that broilers receiving 53
and 68% dIle:dLys had the lowest FI/bird; however, similar to those fed 78 and 83% dIle:dLys.
Broilers fed 63% dIle:dLys exhibited the highest FI/bird, though similar to birds fed PRAC-CON
(68% dIle:dLys). Birds receiving 73% dIle:dLys had a reduction in FI/bird when compared to
63% dIle:dLys, though performed similarly to 58 and 83% dIle:dLys. Broilers receiving 58%
dIle:dLys performed intermediately; however, they also performed similar to those fed PRACCON (68% dIle:dLys), 73, 78, and 83% dIle:dLys. Additionally, the preplanned contrast
demonstrated that birds fed 68% dIle:dLys (PRAC-CON) had a higher FI/bird as that compared
to the BLEND-CON (68% dIle:dLys; (P=0.027; Table 3.4). This was likely attributed to the
lower digestibility coefficient for the PRAC-CON, as all dIle was in the form of the intact
protein, while the BLEND-CON utilized synthetic Ile to obtain 68% dIle:dLys (Chung and
Baker, 1992; Selle et al., 2020). In general, FI/bird increased until 68% (BLEND-CON),
allowing for the bird’s requirement to be met and ultimately affecting BWG, as previously
discussed.
For FCR (Table 3.4; P<0.0001), broilers fed 53% dIle:dLys had the highest 14-28 d FCR,
and there was stepwise decrease in broilers receiving 58% and 63% dIle:dLys. Broilers receiving
68% dIle:dLys exhibited the lowest FCR and also performed better than the PRAC-CON (68%
dIle:dLys), as explained via the preplanned contrast (P=0.021; Table 3.4). When supplementing
above 68% dIle:dLys, broilers had a significantly higher feed conversion as compared to the
BLEND-CON; however, they performed similarly to 63% dIle:dLys. The improvements in FCR
associated with the BLEND-CON are hypothesized to be due to the reduction in crude protein,
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allowing for highly digestible synthetic amino acids to be supplemented into the diet and
resulting in a more rapid absorption of amino acids (Liu and Selle, 2017; Truong et al., 2017).
Once again, these data verify feeding broilers at least 68% dIle:dLys optimized FCR, which
allowed for the bird to efficiently gain weight and ultimately meet their requirement.
Data for d 14-28 total Ile intake/bird (g) was calculated utilizing the analyzed total Ile of
the diet (Table 3.4) fed during the grower phase and multiplying it by the grower feed intake for
each treatment, on a per bird basis. These data demonstrated that as birds were fed increasing %
dIle:dLys, there was a stepwise increase in Ile intake (g/bird; P<0.0001; Table 3.4). Birds fed
83% dIle:dLys demonstrated the highest Ile intake/bird, while those fed 53% dIle:dLys exhibited
the lowest (P<0.0001; Table 3.4). These differences were expected due to the experimental
design of feeding increasing % dIle:dLys; these data are also in agreement with other similar AA
research (Hirai, 2019). Additionally, significant differences (P<0.0001; Table 3.4) for preplanned
contrasts demonstrated that birds fed PRAC-CON (68% dIle:dLys) had a higher Ile intake per
bird as compared to BLEND-CON (68% dIle:dLys) due to the difference in digestibility
coefficient between the diets.

Regression Analysis
Significant QR, LBL, and QBL responses were observed for increasing dietary dIle:dLys
levels for BW and BWG in the period from 14 to 28 days of age (Table 3.5). Based on BW, data
suggest that the dIle:dLys requirement for male Ross 708 × Ross YP broilers from d 14-28 (Table
3.5) was 68% based on QR (P=0.049; R2=0.78; SSE=0.002); 62% based on LBL (P=0.015;
R2=0.88; SSE = 0.001) and 66% based on QBL (P=0.021; R2=0.86; SSE= 0.001). For BWG, data
suggest that the dIle:dLys requirement was 68% based on QR (P=0.042; R2=0.78; SSE= 0.002);
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62% based on LBL (P=0.015; R2=0.88; SSE = 0.001) and 65% based on QBL (P=0.020; R2=0.86;
SSE= 0.001). Additionally, for d 14-28 FCR, the QR model estimated the requirement to be 68%
dIle:dLys (P=0.041; R2=0.80; SSE=0.003; Figure 3.1), while the LBL model estimated the
requirement to be 67% dIle:dLys (P=0.060; R2=0.76; SSE = 0.003) and the QBL model estimated
it to be 70% dIle:dLys (P=0.073; R2=0.73; SSE = 0.003; Figure 3.1).
Based on the results of the current study, the optimal dIle:dLys ratio for male Ross 708 ×
Ross YP broilers from 14 to 28 days of age ranged from 62-68% for BW and BWG, and 67-70%
for FCR. In agreement with the current study, previous research within our lab, as well as a
previous proceedings paper that reviewed the dIle:dLys requirements from 8 publications,
determined that AA requirements for FCR are typically higher than that for BW and BWG (Kidd
et al., 2000; Corzo et al., 2004; Kidd et al., 2004; Hale et al., 2004; Campos et al., 2009; Helmbrecht
et al., 2010; Mejia et al., 2011; Dozier et al., 2012; Tillman and Dozier, 2013; Wise et al., 2020;
Brown et al., 2021). Previous research investigating Ross 308 male broilers during the grower
phase (d18-30) utilizing X at 95% of Qmax estimated the dIle:dLys requirement to be 62% for
BWG, 61% for FI, and 65% for FCR (Kidd et al., 2004; Tillman and Dozier, 2013). The current
findings were slightly higher; however, this was expected due to differences in experimental
periods and genetics. Additionally, a review paper written by Tillman and Dozier (2013) suggests
the dIle:dLys requirement for the grower phase (d 15-28) to be 67%, which is similar to the current
study.
When comparing the current optimal dIle:dLys ratio estimates obtained from all regression
models to the current breeder recommendations (Ross 708 Nutrition Specifications, Aviagen,
2019), the estimates are similar. For FCR, it must be noted that the LBL methodology had a lower
optimal dIle:dLys ratio and a higher R2 value than the QBL model; although, both models had an
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identical sum of squares error (SSE) values. Previous research has determined that the QBL model
provides the best fit for performance variables; due to the higher R2 in the current study, the LBL
provides a better fit for the FCR data as compared to the QBL model (Robbins et al., 2006);
however, both models were deemed insignificant as the observed P-value was >0.05. However,
when utilizing the QR model, it was found to be significant (<0.05), have a slightly higher
estimated ratio and a higher R2 value; however, the same SSE value as that compared to the LBL
and QBL; therefore, this model provides the best fit.

Processing
Multiple Comparisons
For processing, all weights were placed on a yield basis relative to BW for each
respective treatment. There were no significant differences for the multiple comparison analysis,
as well as preplanned contrasts (PRAC-CON vs. BLEND-CON) for the following yields: fat pad,
drumstick, thigh, wing, breast, and total breast (P>0.05). For d 28 tender yield, birds fed 53 and
58% dIle:dLys had the lowest % tender yield/BW (P=0.003; Table 3.6); however, these broilers
had similar tender yield to those fed 68 and 78% dIle:dLys. Broilers receiving the PRAC-CON
(68% dIle:dLys) had the highest tender yield; though were similar to those fed 63, 73, 78, and
83% dIle:dLys. Birds fed the BLEND-CON (68% dIle:dLys) also performed similarly to 63, 73,
78, and 83% dIle:dLys. Preplanned contrasts demonstrated that the PRAC-CON had a higher
tender yield as that compared to the BLEND-CON (both 68% dIle:dLys). This is hypothesized to
be due to the PRAC-CON having a higher amount of intact protein associated with the higher CP
as previous research has determined when lowering CP and supplementing with free amino acids
broiler performance may be reduced (Baker, 2009).
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Regression Analysis
Significant QR and QBL responses were observed for increasing dietary dIle:dLys levels
for d 28 tender yield relative to BW (Table 3.5). Based on the QBL model, d 28 tender yield was
found to be maximized at 89 % dIle:dLys and at 84% based off the QR model. It is important to
note that these ratios were not within the tested range of % dIle:dLys.
Previous research by Wise and Cohorts (2020) utilized Ross 708 x Ross YP male broilers
with a feeding phase from d 21-35 and determined the optimal ratio dIle:dLys ratio for breast
meat weight to be 66.1% and 70.9% dIle:dLys for breast meat yield; however in the current
study the optimal dIle:dLys ratio for this metric (at d 28) was unable to be determined. It is
hypothesized that these observed differences are attributed to the differences in experimental
periods (d 14-28 vs. 21-35). Previous research by Wise et al., (2020) had an experimental period
for 14 days as in the current study; however, processing characteristics were measured at d 35 vs.
28. The later age for when processing occurred likely allowed for the breast muscle to have a
greater accretion rate, as it has been found to be maximized at d 42 of age (Scheuermann et al.,
2003). Additionally, it is also important to note that in the current study, 70% dIle:dLys was
utilized for the starter phase, which is greater than current breeder recommendations (67%
dIle:dLys; Ross 708 Nutrition Specifications, Aviagen, 2019). Previous research has determined
that the starter phase is considered an opportunity for the preparation of the mechanisms that
control protein deposition and will also control the overall capacity of body protein (Kang et al.,
1983; Vierira and Angel, 2012). It is hypothesized that birds in the current study may have set
their overall body protein capacity at an early age due to feeding a higher dIle:dLys ratio in the
starter phase as compared to breeder recommendations (70% vs. 67% dIle:dLys), and thus the
effects of varying dIle:dLys ratios at a later age were unable to be determined for breast meat
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yield. Research conducted by Helmbrecht and cohorts (2010) determined the requirement for
breast yield from d 7-21 to be 70% dIle:dLys when utilizing X at Qmax and 64 % when utilizing
QR. For the current research, it should be noted that processing for the current strain of broilers
at d 28 would not be done commercially, and the optimal dIle:dLys ratio for processing metrics
was unable to be determined with the exception of % tender yield, which was estimated outside
of the tested range; however, the current goal was to establish a link between processing metrics
and dIle:dLys at a young age. Future investigations of later growth phases will continue (or
should continue) to evaluate this potential relationship.

Economic Analysis
As stated previously, an additional aspect to take into consideration when estimating
requirements is the economic feasibility. Based on the current findings, the authors compared
estimates obtained from regression models across all metrics and chose the dIle:dLys ratios of
66, 67, 68, 69, and 70% to be further explored using practical diet formulation and economic
analysis. Diets were formulated to 66, 67, 68, 69, and 70% dIle:dLys with practical ingredients,
and all other nutrient specifications were similar. Production costs per bird were calculated using
feed costs obtained using ingredient prices from the Chicago Board of Trade (CME Group Inc.;
Obtained: October 2019) and metrics obtained from the quadratic broken line regression model
(in cents and dollar; from d 14 to 28).
When considering the potential gross savings associated with growth performance alone,
birds receiving 68% dIle:dLys (Table 3.7) exhibited the lowest feed cost per/kg of gain and can
be noted due to the improvements in FCR discussed above. However, when including processing
data with the growth performance to determine the potential gross profit, 66% dIle:dLys was
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found to be the most economical. These differences are likely due to total feed cost/ton
increasing as % dIle:dLys increased due to the increased need for synthetic Ile in the diet.
Broilers fed above 66% dIle:dLys were not able to overcome these increasing costs due to their
being very minute differences in yield benefits (Table 3.6). Again, as previously mentioned,
these processing measurements were included in this economic analysis to help establish a link
between dIle:dLys and gross profit at this young age, as it would not be commercially applicable
to process at this age.
As the market for L-Ile continues to expand combined with advancements in technology
and efficiency improvements are made it can be anticipated that the cost of L-Ile will decrease
over time. Therefore, the authors reduced the current synthetic Ile cost by 50% and conducted a
separate economic analysis. These findings can be found in Table 3.7 and demonstrate if
crystalline Ile costs are reduced, 67% dIle:dLys would be the most economical based on
performance alone. However, when taking into consideration growth performance and
processing measurements to determine potential gross profit 68% dIle:dLys was found to be the
most advantageous economically. It is important to note that these results are based on the event
that the dIle:dLys ratio is adjusted within the formulation, as well as supplementing crystalline
Ile and not just adjusting the ratio alone, as 68% dIle:dLys is the current breeder
recommendation for performance (Ross 708 Nutrition Specifications, Aviagen, 2019). These
findings verify the importance to not only determine the optimum ratio to enhance performance
but also take into account economic return to ensure the most profitable decision. Additionally,
due to the differences observed in Table 3.7, it is essential to continuously evaluate the
relationship between feed costs and growth performance since feed ingredients and the chicken
market change periodically.
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Summary
This study considers several factors, including statistical model and response variables, to
determine the optimal dIle:dLys ratio for current male Ross 708 x Ross YP genetics from d 14-28.
Performance data verified current grower breeder recommendation (68% dIle:dLys; Aviagen
2019) as broiler performance improved from 14-28 d. However, the starter formulations for the
current study utilized a 70% dIle:dLys ratio based on previous research from our lab (Brown et al.,
2021), which was higher than current breeder recommendations and likely impacted these
findings. Given these parameters, data from the current study suggest that the optimum grower
dIle:dLys ratio for male Ross 708 × Ross YP broilers is 68%. When considering economics, 68%
dIle:dLys was found to be the most advantageous based on observed performance benefits. Further
research should evaluate dIle:dLys requirements of male Ross 708 × Ross YP broilers during the
remaining grow-out phases utilizing multiple regression models, as well as economics to ensure
the optimal dIle:dLys ratio is determined.

Conclusions and Applications
1. Results from d 14-28 for Ross YP x Ross 708 male broilers were consistent across
metrics, whereas performance improvements were achieved as % dIle:dLys increased
until 68%. In general, when birds were fed diets ranging in dIle:dLys from 53 - 83% ,
performance was not improved beyond that of 63% dIle:dLys. These data verify ratios
tested were sufficient in order to estimate the optimal dIle:dLys and ranged from 62-68%
for BW and BWG, and 67-70% for FCR.
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2. The estimated optimal range for dIle:dLys for tender yield relative to BW was 65 – 89%,
depending upon the regression model utilized. It is important to note that d 28 processing
of these broilers does not represent current industry practices. This was done to add to
the literature, as well as to determine any potential relationship between processing
metrics at this age and an optimal dIle:dLys ratio.

3. The 68% dIle:dLys was found to be the most economical when taking into consideration
performance alone. However, 66% dIle:dLys was found to be the most beneficial when
looking at performance and processing characteristics as a whole and can be attributed to
reduced diet costs (Table 7). These findings are likely due to the lack of any associated
processing yield benefits when feeding a higher ratio. However, in the event synthetic Ile
costs are reduced due to increased production, 68% dIle:dLys was found to be the most
economical for performance and processing measurements.

4. These data support the optimal 14-28 d dIle:dLys ratio for Ross 708 x Ross YP male
broilers to be 68% dIle:dLys, which is equivalent to current breeder recommendations.
However, the current study utilized a higher dIle:dLys ratio in the starter phase (based on
previous research) as compared to current breeder recommendations (70 vs 68%
dIle:dLys).
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Table 3.1

Diet formulations and analyzed nutrients for the common diet1 fed during the
starter phase (d 0-14)

Ingredient Name
Corn
Soybean meal (48% CP)
Poultry Fat
Meat and Bone Meal – 57%
Defluorinated phosphate
Calcium carbonate
Salt
L-Lysine HCl
L-Threonine
Phytase2
DL-Methionine
Sodium S-Carb
Vitamin-trace mineral
Choline Cl-60%
Copper Sulfate
Coccidiostat3
Nutrient Name

% Inclusion
52.89
39.12
3.42
2.00
1.20
0.16
0.23
0.14
0.12
0.02
0.34
0.01
0.25
0.01
0.05
0.05
Calculated Nutrients
(%)
3,000.00
23.17
5.55
0.96
0.68
0.48
0.16
0.99
0.21
271.75
1.28
0.68

AME (kcal/kg)
Crude protein (%)
Crude fat (%)
Calcium (%)
Total phosphorus (%)
Available phosphorus (%)
Sodium (%)
Potassium (%)
Chloride (%)
Na+K-Cl (mEq/kg)
Digestible lysine (%)
Digestible methionine (%)
Digestible methionine + Digestible
0.27
cysteine (%)
Digestible tryptophan (%)
0.28
Digestible threonine (%)
0.86
Digestible isoleucine (%)
0.90
Digestible valine (%)
0.96
Digestible arginine (%)
1.45
% Digestible Amino Acid Ratios Relative to Lysine
Threonine
67
Methionine
53
TSAA
74
Arginine
114
Isoleucine
70
Leucine
132
Valine
75
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Table 3.1 (continued)
Analyzed Nutrients
Nutrient Name
Crude protein4
Total Lysine5
Total Threonine6
Total Methionine7
Total Cystine8
Total Arginine9
Total Isoleucine10
Total Leucine11
Total Valine12

Analyzed Nutrients
(%)4
23.81
1.47
0.97
0.68
0.36
1.51
0.93
1.79
1.08

1

70% dIle:dLYs was utilized due to the pervious by Brown et al., 2021a
OptiPhos 2000 (E.Coli phytase; sparing 0.15% Ca and aP). Huvepharma, Peachtree City, GA.
3
Zoamix (Zoalene; 0.0125% inclusion). Zoetis, Parsippany, NJ.
4
AOAC 920.39; Robust Standard Deviation ± 0.63%
5
AOAC 982.30 mod.; Robust Standard Deviation ± 3.11%
6
AOAC 982.30 mod.; Robust Standard Deviation ± 1.43%
7
AOAC 994.12; Robust Standard Deviation ± 2.92%
8
AOAC 994.12; Robust Standard Deviation ± 3.10%
9
AOAC 982.30 mod.; Robust Standard Deviation ± 1.94%
10
AOAC 982.30 mod.; Robust Standard Deviation ± 2.65%
11
AOAC 982.30 mod.; Robust Standard Deviation ± 1.37%
12
AOAC 982.30 mod.; Robust Standard Deviation ± 2.20%
2
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Table 3.2

Experimental diet formulations for the Deficient and PRAC-CON1 diets during the grower phase (d 14-28)
Ingredient Name

Corn
Soybean meal (48% CP)
Meat and Bone Meal (57% CP)
Poultry Fat
Defluorinated phosphate
Calcium carbonate
Glutamine
Salt
L-Lysine HCl
L-Threonine
L-Arginine
L-Valine
L-Tryptophan
L-Isoleucine
Copper Sulfate
Phytase2
DL-Methionine
Sodium S-Carb
Vitamin-trace mineral
Selenium premix 0.06%
Choline Cl-60%
Coccidiostat3
Nutrient Name
AME (kcal/kg)
Crude protein (%)
Crude fat (%)
Calcium (%)
Total phosphorus (%)
Available phosphorus (%)
Sodium (%)
Potassium (%)
Chloride (%)
Na+K-Cl (mEq/kg)
Digestible lysine (%)
Digestible methionine (%)

Trt 1 (Deficient) – 53%
Trt 8 (PRAC-CON)1 – 68%
dIle:dLys
dIle:dLys
72.55
64.92
17.47
25.13
6.27
6.18
0.50
2.01
0.25
0.25
0.14
0.04
0.64
0.11
0.18
0.44
0.22
0.25
0.14
0.22
0.18
0.05
0.01
0.04
0.05
0.05
0.02
0.02
0.35
0.30
0.24
0.14
0.25
0.25
0.01
0.01
0.02
0.02
0.05
0.05
Calculated Nutrients (%)4
3,124.67
3124.00
19.00
20.37
3.47
4.81
0.87
0.87
0.57
0.60
0.44
0.44
0.16
0.16
0.62
0.75
0.23
0.23
186.91
209.59
1.09
1.09
0.68
0.66
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Digestible methionine + Digestible cysteine
(%)
Digestible tryptophan (%)
Digestible threonine (%)
Digestible isoleucine (%)
Digestible valine (%)
Digestible arginine (%)

0.87

0.88

0.18
0.77
0.58
0.87
1.23

0.21
0.77
0.74
0.87
1.23

1

68% dIle:dLys (PRAC-CON), was made to compare to the blended diet 68% dIle:dLys BLEND-CON). Deficient (53% dIle:dLys) and Summit ( 82% dIle:dLys) basal diets were batched and mixed in different ratios prior
pelleting for creation of the remaining dIle:dLys ratios and can be found below.
•
53% dIle:dLys – 100:0 (Deficient:Summit)
•
58% dIle:dLys– 83.4:16.7 (Deficient:Summit)
•
63% dIle:dLys– 66.7:33.3 (Deficient:Summit)
•
68% dIle:dLys-50:50 (Deficient:Summit)
•
73% dIle:dLys– 33.3:66.7 (Deficient:Summit)
•
78% dIle:dLys– 16.7:83.3 (Deficient:Summit)
•
83% dIle:dLys– 0:100 (Deficient:Summit)
2
OptiPhos 2000 (E.Coli phytase; sparing 0.15% Ca and aP). Huvepharma, Peachtree City, GA.
3
Zoamix (Zoalene; 0.0125% inclusion). Zoetis, Parsippany, NJ.
4
Analyzed nutrient values were obtained from analyzed nutrient composition of corn and soybean meal
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Table 3.3

Analyzed nutrients for grower (d 14-28) experimental diets varying in dIle:dLys

Nutrient

53%
dIle:dLys

58%
dIle:dLys

63%
dIle:dLys

Crude protein2

18.81

18.69

18.94

Lysine3
Threonine4
Methionine5
Cysteine6
Arginine7
Isoleucine8
Leucine9
Valine10
Histidine11
Tryptophan12
Glutamic acid13
Alanine14
Aspartic acid15
Phenylalanine16
Tyrosine17
Proline18
Glycine19
Serine20

1.26
0.87
0.57
0.25
1.29
0.66
1.44
1.01
0.43
0.21
3.40
0.98
1.59
0.79
0.50
1.14
1.00
0.86

1.22
0.85
0.58
0.26
1.24
0.69
1.41
0.98
0.42
0.20
3.34
0.96
1.52
0.77
0.48
1.14
0.96
0.83

1.32
0.86
0.59
0.26
1.26
0.73
1.45
0.99
0.43
0.21
3.41
0.98
1.58
0.79
0.46
1.14
0.98
0.87

dIle:dLys Ratios
68% dIle:dLys
73%
(BLEND-CON)1
dIle:dLys
19.50
Total Amino Acids
1.33
0.90
0.61
0.28
1.35
0.84
1.49
1.04
0.44
0.22
3.55
1.02
1.64
0.82
0.52
1.20
1.02
0.89

*

78%
dIle:dLys

83%
dIle:dLys

68%
dIle:dLys (PRAC-CON)1

19.19

19.63

19.56

20.81

1.25
0.87
0.56
0.26
1.29
0.85
1.45
1.00
0.43
0.21
3.41
0.98
1.56
0.80
0.50
1.15
0.99
0.85

1.34
0.89
0.61
0.26
1.33
0.94
1.48
1.06
0.45
0.22
3.54
1.01
1.63
0.82
0.52
1.20
1.03
0.88

1.36
0.87
0.59
0.27
1.27
0.96
1.48
1.00
0.46
0.21
3.46
0.99
1.66
0.82
0.47
1.15
0.99
0.86

1.32
0.90
0.62
0.33
1.36
0.85
1.68
1.05
0.52
0.25
3.48
1.11
1.97
0.97
0.61
1.30
1.11
1.02

All feed samples were analyzed by Eurofins Scientific Inc, Des Moines, IA.
Treatment (Trt) 8 was the control diet which was formulated to have 68% digestible Isoleucine:digestible Lysine (dIle:dLys). In order to verify the mixing technique, The PRAC-CON was made and compared to the (BLEND-CON) which was the formulated to contain 68%
dIle:dLys
2
AOAC 920.39; Robust Standard Deviation ± 0.63%
3
AOAC 982.30 mod.; Robust Standard Deviation ± 3.11%
4
AOAC 982.30 mod.; Robust Standard Deviation ± 1.43%
5
AOAC 994.12; Robust Standard Deviation ± 2.92%
6
AOAC 994.12; Robust Standard Deviation ± 3.10%
7
AOAC 982.30 mod.; Robust Standard Deviation ± 1.94%
8
AOAC 982.30 mod.; Robust Standard Deviation ± 2.65%
9
AOAC 982.30 mod.; Robust Standard Deviation ± 1.37%
10
AOAC 982.30 mod.; Robust Standard Deviation ± 2.20%
11
AOAC 982.30 mod.; Robust Standard Deviation ± 1.93%
12
AOAC 988.15; Robust Standard Deviation ± 2.33%
13
AOAC 982.30 mod.; Robust Standard Deviation ± 1.13%
14
AOAC 982.30 mod.; Robust Standard Deviation ± 1.13%
15
AOAC 982.30 mod.; Robust Standard Deviation ± 1.26%
16
AOAC 982.30 mod.; Robust Standard Deviation ± 1.25%
17
AOAC 982.30 mod.; Robust Standard Deviation ± 5.34%
18
AOAC 982.30 mod.; Robust Standard Deviation ± 2.52%
19
AOAC 982.30 mod.; Robust Standard Deviation ± 1.47%
20
AOAC 982.30 mod.; Robust Standard Deviation ± 2.21
1
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Table 3.4

The effect of varying % dIle:dLys concentrations on d 14 to 28 Ross 708 male broiler performance
% dIle:dLys Ratios
53%
58%
63%
68% (BLEND-CON)8
73%
78%
83%
68% (PRAC-CON)8
P-value
SEM9

68%
(PRAC-CON) vs.

68%
(BLEND-CON)

D14 Avg1 D28 Avg1 BWG3
BW2 (kg) BW2 (kg) (kg/bird)

CV4

FI5/bird
(kg)

FCR6

Total Ile Intake
(g/bird)7

1.340e
1.406d
1.462ab
1.468ab
1.451ab
1.425cd
1.443bc
1.474a
<.0001

13.617a
13.052ab
11.478cd
11.673cd
10.571d
12.545abc
12.176bc
11.435cd
0.0003

1.474d
1.514bc
1.560a
1.475d
1.520b
1.482cd
1.508bcd
1.528ab
<.0001

1.517a
1.478b
1.447c
1.371e
1.429c
1.425c
1.444c
1.396d
<.0001

9.697g
10.452f
11.393e
12.388d
12.920c
13.928b
14.471a
12.991c
<.0001

0.454

0.013

0.008

0.103

0.705

0.027

0.021

<.0001

0.386
0.384
0.387
0.388
0.386
0.387
0.387
0.386
0.164
0.001

0.244

0.954e
1.022d
1.075ab
1.080ab
1.064b
1.038cd
1.055bc
1.092a
<.0001

0.009
0.009
Preplanned Contrasts
0.577

0.312

1

Average
Body Weight
Body Weight Gain
4
Coefficient of Variation
5 Feed Intake is based on a per bird basis
6
Feed Conversion Ratio (Feed:Gain) was adjusted with mortality weight
7
Total isoleucine intake g/bird was calculated utilizing the analyzed total isoleucine of the diet (Table 2) fed during the feeding period and multiplying it by the intake during the feeding period on a per bird basis.
8
The BLEND-CON diet was formulated to ratio of 68% digestible Isoleucine:digestible Lysine (dIle:dLys). In order to verify the mixing technique, The PRAC-CON was made and compared to the BLEND-CON which was the formulated to contain 68% dIle:dLys
9
Standard Error of the Mean
2
3
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Table 3.5

Percent digestible Isoleucine:digestible Lysine (% dIle:dLys) requirements of Ross 708 x Ross YP male broilers from
14 to 28 days of age based on linear broken line, quadratic broken line, and quadratic regression models

Model

Linear broken line1

Quadratic broken
line2

Quadratic
Regression3

Response variable

Estimated % dIle:dLys
ratio

BW4
BWG5
FCR6
Tender Yield7
BW
BWG
FCR
Tender Yield
BW8
BWG9
FCR10
Tender Yield11

62
62
67
65
66
65
70
89
68
68
68
84

1

Estimated %
dIle
requirement
0.68
0.68
0.73
0.71
0.72
0.71
0.76
0.97
0.75
0.75
0.75
0.92

P-value

R2

SSE

0.015
0.015
0.060
0.075
0.021
0.020
0.073
0.047
0.049
0.042
0.041
0.048

0.88
0.88
0.76
0.73
0.86
0.86
0.73
0.78
0.78
0.80
0.80
0.78

0.001
0.001
0.003
0.016
0.001
0.001
0.003
0.013
0.002
0.002
0.003
0.013

Linear broken line model
Qudratic broken line model
Quadratic Regression model, in which the dIle requirement was calculated by 95% of the asymptote
4
Body Weight (kg)
5
Body Weight Gain (kg)
6
Feed Conversion Ratio (Feed:Gain) was adjusted with mortality weight
7
%Tender yield calculated using body weight values (Tender wt./ Body Wt.)*100.
8
Body Weight Calculated values were derived using the regression equation: y = -0.00026491x2+0.03821x+0.08500; where y= Body Weight and x= dIle:dLys ratio
9
Body Weight Gain. Calculated values were derived using the regression equation: y = -0.00027269x2+0.03916x-0.32990; where y= Body Weight Gain and x= dIle:dLys ratio
10
Feed Conversion Ratio (Feed:Gain) was adjusted with mortality weight. Calculated values were derived using the regression equation: y = 0.00032573x2+ -0.04676x+3.08584; where y= FCR and x= dIle:dLys ratio
11
%Tender Yield relative to BW: Calculated values were derived using the regression equation: y = -0.00018981x2 + 0.03373x+2.45123; where y= %Tender Yield and x= dIIe:dLys
2
3
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Figure 3.1

Comparisons of QBL and QR estimates for d14-28 FCR for Ross 708 x Ross YP
male broilers

1

Quadratic Broken Line; Estimated % dIle:dLys =70%; P value=0.073; Sum of Squares Error = 0.003; R2=0.73
Quadratic Regression; Estimated % dIle:dLys =68%; P value =0.041; Sum of Squares Error = 0.003; R 2=0.80; Feed Conversion Ratio (Feed:Gain) was adjusted with
mortality weight. Calculated values were derived using the QR regression equation: y = 0.00032573x2+ -0.04676x+3.08584; where y= FCR and x= dIle:dLys ratio
2
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Table 3.6

The effect of varying % dIle:dLys concentration o d 28 Ross 708 x Ross YP male broiler processing yields relative to
body weight1
Fat Pad
(%)

Drumsticks
(%)

Thighs
(%)

Wings
(%)

Breast
(%)

Tenders
(%)

Total
Breast
(%)

53%
58%
63%
68% (BLEND-CON)2
73%
78%
83%
68% (PRAC-CON)2
P-value

0.717
0.675
0.764
0.674
0.644
0.581
0.639
0.519

9.955
9.738
9.733
9.598
9.690
9.644
9.626
9.531

12.773
12.913
12.545
12.678
12.561
12.370
12.633
12.714

8.877
8.755
8.783
8.903
8.935
8.929
8.899
8.813

17.824
17.890
18.416
18.355
17.969
18.092
18.203
18.499

3.716c
3.723c
3.901ab
3.802bc
3.958ab
3.894abc
3.965ab
4.020a

21.558
21.539
22.173
22.182
21.901
22.028
22.049
22.535

0.123

0.297

0.361

0.873

0.374

0.003

0.130

SEM3

0.058

0.116

0.155

0.104

0.244

0.063

0.261

0.542

0.676

0.017

0.342

% dIle:dLys Ratios

Preplanned Contrasts

68%
68%
(PRAC-CON) vs. (BLEND-CON)
1
2
3

0.066

0.680

0.867

Processing yield for each respective part was calculataed utilizing BW prior to processing
The BLEND-CON diet was formulated to ratio of 68% digestible Isoleucine:digestible Lysine (dIle:dLys). In order to verify the mixing technique, The PRAC-CON was made and compared to
Standard Error of the Mean
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Table 3.7

Potential gross bird profit/potential savings using practical grower diet formulations
Current Market Crystalline Ile costs = $10,000/tonne
66%

dIle:dLys
68%

67%

69%

70%

Potential gross savings using growth performance data
Total feed cost/ton
(dollar)1
Dollar/kg of feed2
Cents/kg of feed3
Total feed
cost/bird (cents)4
Feed cost/kg of
gain (cents)5

237.727

238.804

239.881

240.957

242.033

0.2377
23.773

0.2388
23.880

0.2399
23.988

0.2410
24.096

0.2420
24.203

35.903

36.066

36.228

36.391

36.553

33.881

33.970

34.089

34.228

34.373

Potential gross profit using growth performance and processing data
Total gross cents
per bird6
Gross bird profit
(cents)7
Gross bird profit
(dollar)8
Gross profit (1
million birds)9

153.255

153.322

153.425

153.403

153.417

117.352

117.256

117.196

117.012

116.864

1.1735

1.1726

1.1720

1.1701

1.1686

$1,173,518.65

$1,172,562.65

$1,171,964.02

$1,170,119.09

$1,168,641.03

Reduced Crystalline Ile costs = $5,500/tonne
Potential gross savings using growth performance data
Total feed cost/ton
(dollar)1
Dollar/kg of feed2
Cents/kg of feed3
Total feed
cost/bird (cents)4

236.972

237.494

238.016

238.537

239.058

0.2370
23.697

0.2375
23.749

0.2380
23.802

0.2385
23.854

0.2391
23.906

35.789

35.868

35.947

36.025

36.104
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Table 3.7 (continued)
Feed cost/kg of
gain (cents)5

33.773

33.784

33.824

33.884

33.951

Potential gross profit using growth performance and processing data
Total gross cents
per bird6
Gross bird profit
(cents)7
Gross bird profit
(dollar)8
Gross profit (1
million birds)9

153.255

153.322

153.425

153.403

153.417

117.466

117.454

117.478

117.377

117.313

1.1747

1.1745

1.1748

1.1738

1.1731

$1,174,658.89

$1,174,541.08

$1,174,780.66

$1,173,773.92

$1,173,134.06

1

Total feed cost/tonne (dollar) = Sum of (dollar/kg of ingredient prices * each respective ingredient amount); ingredient prices were based from Feedstuffs - Ingredient Market Prices and USDA - Feedstuffs Reports. Ingredient prices ($/tonne): Corn = $147; soybean
meal = $315; poultry fat = $573; defluorinated phosphate = $441; calcium carbonate = $39; salt = $121; sodium S-carb = $419; vitamin-trace mineral = $1,715; selenium premix = $265; DL-methionine = $2,348; L-lysine = $1,542; L-threonine = $2,449; L-valine =
$6061; phytase = $10,755; Zoamix = $10293; Copper Sulfate = $4,617; Choline-Cl, 60% = $1,278; L- Isoleucine = $10,000)
2
Dollar/kg of feed = Total feed cost/tonne ÷ 1000
3
Cents/kg of feed = Dollar/kg of feed * 100
4
Total feed cost/bird (cents) = Average feed intake (kg) * Cents/kg of Feed
5
Feed cost/kg of gain (cents) = Cents/kg of feed * FCR
6
Total potential gross chicken part value/bird (cents) = sum of all potential gross chicken part values/bird
7
Gross bird profit (cents) = Total potential gross chicken part value/bird (cents)-Total feed cost/bird (cents)
8
Gross bird profit (dollars) = Gross bird profit (cents)/100
9
Gross Profit = Gross bird profit * 1,000,000
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CHAPTER IV
DETERMINING THE OPTIMAL DIGESTIBLE ISOLEUCINE TOLYSINE RATIO OF ROSS
708 X ROSS YP MALE BROILERS FROM 28 TO 42 DAYS OF AGE
Summary
Recent research within our laboratory has determined the optimal Ross 708 x Ross YP
male broiler dIle:dLys ratio for the starter and grower phases to be 70 and 68%, respectively.
Thus, the current objective was to continue to revaluate the optimal dIle:dLys ratio for this
broiler, focusing on the finisher phase. On d of hatch, 2,400 chicks were equally allocated to 96
pens and fed a common starter (d 0-14; 70% dIle:dLys) and grower diet (d 14-28; 68%
dIle:dLys). Pen weights were equalized at d 28 by block (12/treatment). Experimental finisher
diets (d 28-42) were created from a common deficient (54% dIle:dLys) corn and soybean mealbased diet. Half of the deficient was retained to create the summit (84% dIle:dLys). The
remaining 5 diets were blended proportions of the deficient and summit diets (ranging from 59 to
79% dIle:dLys). A practical control diet (PRAC-CON; 69% dIle:dLys) was manufactured
separately to verify the blended control diet (BLEND-CON). All dIle:dLys ratios were estimated
using quadratic regression (QR; 95% of the asymptote), as well as linear and quadratic broken
line models (LBL; QBL). Feeding equivalent to or slightly lower than current breeder dIle:dLys
recommendations (69%) improved broiler performance from d 28-42. Based on the current data
and multiple regression models, the estimated ratios ranged from 62-66% for BW and BWG and
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63-66% for FCR. Further research should evaluate the optimal dIle:dLys ratio for this broiler
throughout the remaining withdrawal phase.

Description of the Problem
Within the poultry industry, it is common practice to supply feed to birds throughout a
growout in several feeding phases. This is done to enhance broiler performance by meeting the
broiler's nutrient requirement for each respective growth period while also reducing the cost of
production to maximize economic return. One of the key components of phase feeding is the bird
is able to meet its nutrient requirements and minimize the under and overfeeding of nutrients for
each phase. However, these feeding phases are dependent upon the genetic strain utilized as well
as the specific production goals in mind.
Current broiler strains have a faster growth rate and heavier body weight as compared to
older strains, resulting in fewer growout days (Havenstein et al., 2003). These improvements in
broiler performance can be attributed to advancements in broiler genetics which allow for
increased nutrient utilization (Havenstein et al., 2003). The daily growth rate for broilers
typically reaches a maximum at 4 to 6 wk of age (Simmons et al., 2003), and this age interval
parallels with the finisher phase. In addition, approximately 43% of the broilers marketed in the
US industry are 2.9 kg or greater (Dozier et al., 2010). However, within the literature, the
optimal dIle:dLys ratio for current genetic strains during the finisher phase to maximize broiler
performance and economic return is very limited.
Previous research within our lab, utilizing Ross 708 x Ross YP male broilers, determined
the optimal starter dIle:dLys ratio to be 70% as that compared to breeder recommendations (67%
dIle:dLys; Brown et al., 2021a; Ross 708 Nutrition Specifications, Aviagen, 2019). This ratio
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was then utilized to setup a grower study, in which the optimal dIle:dLys for the grower phase
was determined to be 68% (in agreement with current breeder recommendations; Brown et al.,
2021b; Ross 708 Nutrition Specifications, Aviagen, 2019). Of the limited research on current
genetic strains during the finisher phase, Wise and Cohorts (2020) utilized Ross 708 x Ross YP
male broilers with a feeding phase from d 28-42 and determined the optimal dIle:dLys ratio to be
66.5% for BWG 67.1% for FCR when utilizing QR and LBL models. Additionally, processing
characteristics were measured, and the authors determined the optimal dIle:dLys ratio utilizing
was 66.4% for breast meat weight and 68.2% for breast meat yield when utilizing QR and LBL
models as well.
Another area that should be considered along with the biological response of broilers to
determine the optimal nutrient level is the economic return (Lerman and Bie, 1975). Due to the
everchanging market for feed ingredients and poultry meat, economics have begun to play an
important role in selecting the optimal amino acid requirement along with the biological
response of the bird (Pesti et al., 2009; Kidd and Tillman, 2016). As such, the commercial
availability of feed-grade amino acids at economically feasible prices is primarily responsible for
the successful reduction in diet costs and increase in profitability. Additionally, future
advancements in production methods will result in more synthetic amino acids available for use.
These constant changes has led producers to select the optimal amino acid level that not only
optimizes broiler performance but is also the most advantageous economically.
As previously mentioned, within published literature, the optimal ratio for dIle:dLys for
Ross 708 x Ross YP male broilers is limited for the finisher phase (d 28-42). Of that published,
various genetic strains have been utilized; however, none have taken into account processing
measurements, multiple statistical models, and economics as a whole to help determine the
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optimal dIle:dLys ratio. Due to this, the objective of this current study was to evaluate the
optimal dIle:dLys ratio for Ross 708 x Ross YP male broilers from d 28-42 using recent
established optimum ratios from the starter and grower phases, multiple statistical models,
economic analysis, and practical diet formulation to provide an optimal dIle:dLys ratio that can
be utilized within a current industry setting.

Materials and Methods

Broiler Management
Pretest Period Broiler Management (d 0-14; 14-28)
This study was conducted in agreement with the Mississippi State University Institutional
Animal Care and Use Committee (IACUC # 15-099). On day of hatch, Ross x Ross 708 male
broiler chicks were obtained from a local hatchery (Peco Foods, Gordo, AL). The birds were
allocated equally in 96 floor pens (25 birds/pen; 0.074 m2/bird) at the Mississippi State
University Poultry Research Unit. The solid side wall grow-out house contained current
commercial broiler house equipment, including Cumberland Edge Controller (Cumberland,
Assumption, IL), two evaporative cool cells (12 m), 3 radiant tube heaters, 1 forced air heater,
and 4 fans (1.2 m). Negative air pressure was used to achieve cross-ventilation. Each pen
bedding consisted of used litter obtained from the Mississippi State University commercial
broiler houses (~12 years old, 49 flocks). Feed and water were provided to the birds for ad
libitum consumption using/utilizing four drinking nipples and one tube-type feeder per pen (16
kg capacity). Birds received a common starter diet in the form of crumbles from d 0 to 14 (Table
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4.1) and common grower diet in the form of pellets from d 14-28 (Table 4.1). These diets were
formulated to meet the previous optimal dIle:dLys ratio established for the starter and grower
phase by Brown and cohorts (2021ab) and were comprised of corn, soybean meal, and meat and
bone meal. The starter diet was fed as a crumble and the grower diet as a pellet. Both diets were
batched at the Mississippi State University Poultry Research Unit and then crumbled/pelleted at
the USDA - Poultry Research Unit (Starkville, MS). The broiler management temperature and
lighting schedules used were in accordance with Ross breeder standards (Aviagen, 2014) and are
described in more detail by Brown and cohorts (2021ab).

Experimental Period (d 28-42)
The current study’s experimental period began on d 28. On this day, all of the birds were
individually weighed and placed in 1 of 22 weight classes. One bird from each weight class was
assigned to each pen (22 birds/pen; 0.27 m2/bird; 96 pens) and each pen was randomly allotted
one of the eight experimental finisher diets (Table 4.3).

Diet Preparations
For all diets prior to formulation, similar methodology described by Brown et al., 2021a,b
was utilized where corn, soybean meal, and meat and bone meal were analyzed for total AA
content (AOAC 982.30 mod, 994.12 mod, 988.15 mod; Eurofins Scientific Inc., Des Moines,
IA), as well as scanned using Near Infrared (NIR) Spectroscopy (FOSS) to obtain digestibility
coefficient values for more accurate formulation.
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Common Starter and Grower Diet
From d 0-14 and 14-28, common diets were utilized for each time period; these diets
were formulated to meet current Ross 708 breeder recommendations with the exception of the
dIle:dLys ratio. The ratios used for the starter and grower diets were established by Brown and
cohorts (2021ab) as the optimal dIle:dLys ratio for those corresponding phases (70% and 68%
dIle:dLys, respectively). All diets contained a commercially available phytase (Optiphos® 2000
PF - E. coli derived; Huvepharma Inc., Peachtree City, GA), and the matrix values utilized were
based on manufacturer recommendations (sparing 0.15% Ca and aP). Basal diets were batched
and mixed for 5 minutes dry and 10 minutes post-fat inclusion within a 0.907-tonne vertical
screw mixer (Jacobson Machine Works. Minneapolis, MN). After batching, diets were pelleted
at the USDA Poultry Research Unit (Starkville, MS). Diets were conditioned for 10 seconds at
81°C (steam pressure of 262 kPa) and pelleted using a 40 horsepower California Pellet Mill.
Directly after pelleting, diets were cooled, then crumbled. Feed samples were collected on the
day of pelleting and sent off for laboratory analysis (Table 4.1; Eurofins Scientific Inc., Des
Moines, IA).
Experimental Finisher Diets
Initially, two diets were formulated, the Deficient (54% dIle:dLys) and the PRAC-CON
(69% dIle:dLys) diets; AME was at 3200 kcal/kg (100% breeder nutrient recommendations,
Aviagen, 2019; Table 4.2), while digestible lysine was based on 95% of nutrient specifications
(Ross 708 Nutrition Specifications, 2019; Table 4.2). Crude protein was formulated to be within
1.5% of the PRAC-CON, as we hypothesized that this level of reduction would not negatively
influence performance. The target goal for crude protein was met, the PRAC-CON was
formulated to 19.33%, and the Deficient diet was formulated to 18%.
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Similar methodology utilized by Brown and cohorts (2021ab) was utilized for the
experimental diet formulation and the creation of the experimental diets. The Deficient diet
contained Glutamine to allow for the reduced crude protein concentration to be met as well as
meet nonessential amino acid requirements to prevent potential negative effects on performance.
All diets also contained a commercially available phytase (Optiphos® 2000 PF - E. coli derived;
Huvepharma Inc., Peachtree City, GA), and the matrix values utilized were based on
manufacturer recommendations (sparing 0.15% Ca and aP). Basal diets were batched and mixed
5 minutes dry and 10 minutes after fat inclusion in a 0.907-tonne vertical screw mixer (Jacobson
Machine Works. Minneapolis, MN). The Deficient diet (54% dIle:dLys) was batched first, and
half was retained to create the Summit diet (84% dIle:dLys) through the supplementation of
crystalline Ile; this inclusion of crystalline Ile was followed by a 5 minute mix time.
To provide an additional 5 diets varying in dIle:dLys, the Deficient and Summit diets
were blended in different ratios prior to pelleting to create the remaining dIle:dLys ratios of 59,
65, 69 (BLEND-CON), 74, and 79%, respectively; Table 4.3). A PRAC-CON diet (69%
dIle:dLys) was separately formulated and batched to verify the blended treatments; this diet is
compared in this paper to BLEND-CON (69% dIle:dLys). The ratio of 69% dIle:dLys was
utilized for the controls, as it was the dIle:dLys breeder recommendation (Aviagen, 2019) when
the study was conducted.
Diets were manufactured at the USDA - Poultry Research Unit (Starkville, MS), with
each entire treatment batch being mixed for five minutes in a horizontal double ribbon mixer
(0.907 tonne) to create a homogenous treatment mixture. Pelleting was performed using a 40
horsepower California Pellet Mill after 10 seconds of conditioning at 81°C and 262 kPa steam
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pressure in order of increasing percent dIle:dLys. To prevent cross-contamination between 84%
dIle:dLys and the PRAC-CON (69% dIle:dLys), 50 kg of whole kernel corn was used to flush
out the mixer. Feed samples were collected on day of pelleting throughout each run and sent for
laboratory analysis (Table 4.3; Eurofins Scientific Inc., Des Moines, IA). Experimental diets
were provided as pellets from d 28 to 42.

Measured Variables
Live Performance
Individual BW was obtained on d 28 and on d 42 each bird was individually weighed for
the determination of the following variables: average body weight (BW), BW gain (BWG),
average feed intake/bird (FI), feed conversion ratio (FCR) adjusted for mortality from d 28 to 42
and coefficient of variation (CV) of ending BW were calculated.
Processing
On d 42 five birds per pen within ± 100g of each average pen weight were chosen for
processing. The birds were placed on a 12-hour feed withdrawal program to ensure no fecal
material remained in the gastrointestinal tract. The broilers were cooped and processed on d 42
using a commercial inline processing system at the Mississippi State University pilot processing
plant. After processing, carcasses were chilled via immersion chilling for 4 hours at 1.5°C before
deboning. The following measurements were recorded: hot carcass weight, fat pad weight, chilled
boneless skinless breast weight, and tender weight; weights were used to calculate processing
yields relative to body weight.
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Statistical Analysis
The experimental period was from d 28-42, whereas each floor pen consisted of 22
birds/pen (0.084 m2/bird) and was considered the experimental unit. The current study consisted
of a randomized complete block design (RCBD), in which 8 treatments were replicated in 12
floor pens. Initially, to analyze performance data the GLM procedure in SAS (SAS Institute Inc.,
Cary, NC) was utilized. To further separate differences among means Fisher’s least significant
difference was used, and statistical significance was set at P-value ≤ 0.05. Preplanned contrasts
were also performed to determine individual treatment comparisons among the PRAC-CON
(69% dIle:dLys) and the BLEND-CON (69% dIle:dLys).
Similar to the methods utilized by Brown et al., 2021ab, to estimate the dIle requirement
for BW, BWG, and FCR, multiple methods were utilized. Additionally, the analyzed values for
Ile and Lys were multiplied by the calculated digestible estimates for Ile and Lys. The adjusted
analyzed ratios used for regression analyses were: 58, 62, 65, 68 (BLEND-CON), 73, 74, and
79% dIle:dLys. PROC REG (SAS Institute Inc., Cary, NC) in SAS was utilized to estimate the
polynomial model. Methods employed a linear regression model and then a quadratic regression
model, in which the dIle requirement was calculated at 95% of the asymptote when a significant
quadratic response was observed (P≤0.05). Next, linear broken line and quadratic broken line
models were determined when a significant response occurred (P≤0.05) using Practical Program
for Modeling (Garcia- Neto et al., 2015) and then confirmed using the PROC NLIN option of
SAS (SAS Institute Inc., Cary, NC; Robbins et al., 2006).
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Economic Analysis
To evaluate the profitability of diets varying in percent dIle:dLys, the diet cost and
production costs per bird (in cents and dollar; from d 28-42) were calculated based on ingredient
prices from Chicago Board of Trade (CME Group Inc.; equations below). These data are shown
in Table 4.5.
1. Total feed cost/tonne (dollar) = Sum of (dollar/kg of ingredient prices * each respective
ingredient amount)
2. Dollar/kg of feed = Total feed cost/tonne ÷ 1000
3. Cents/kg of feed = Dollar/kg of feed * 100
4. Total feed cost/bird (cents) = Average feed intake * cents/kg of feed
5. Feed cost/kg of gain (cents) = Cents/kg of feed * FCR
6. Total potential gross chicken part value/bird (cents) = sum of all potential gross chicken part
values/bird
7. Gross bird profit (cents) = Total potential gross chicken part value/bird (cents) – Total feed
cost/bird (cents)
8. Gross bird profit (dollars) = Gross bird profit (cents)/100

Results and Discussion
Broiler Performance
Multiple Comparison
The experimental diets were analyzed for total amino acid composition and are displayed
in Table 4.3. No significant difference was observed for d 28 average BW and percent mortality
throughout the study (P>0.05; Table 4.4). Data for d 42 BW and d 28-42 BWG demonstrated
that broilers fed 54 and 84% dIle:dLys had the lowest BW and BWG (P<0.05; Table 4.4). Birds
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fed the BLEND-CON (69% dIle:dLys), and the PRAC-CON (69% dIle:dLys) demonstrated the
highest d 42 BW and BWG. However, birds fed 54 and 84% dIle:dLys, as well as BLEND-CON
and PRAC-CON, were all similar to those fed 59, 64, 74, and 79% dIle:dLys. Additionally,
preplanned contrasts demonstrate that birds fed the BLEND-CON (69% dIle:dLys) had a similar
BW and BWG as that compared to the PRAC-CON (69% dIle:dLys; P>0.05; Table 4.4). Based
on the current data, BW and BWG improved as the dIle:dLys ratio increased until reaching 68%
dIle:dLys, which allowed for the bird’s requirement to be met.
Data from d 28-42 FCR (P<0.0001; Table 4.4) demonstrated that broilers receiving 54
and 84% dIle:dLys had the highest FCR. Broilers fed the PRAC-CON (69% dIle:dLys) exhibited
the lowest FCR but was also similar to birds fed BLEND-CON (69% dIle:dLys). Overall, birds
receiving the BLEND-CON (69% dIle:dLys) had a low-intermediate FCR similar to 59, 64, 74,
and 79% dIle:dLys. Additionally, preplanned contrasts, although not significant (P=0.069; Table
4.4), demonstrate that birds fed the BLEND-CON (69% dIle:dLys) had a numerically higher
FCR as compared to the PRAC-CON (69% dIle:dLys; 1.674 vs. 1.642). These numerical
differences are hypothesized to be due to all dIle for the PRAC-CON being in the form of intact
protein, while the BLEND-CON utilized synthetic Ile to obtain 69% dIle:dLys (Chung and
Baker, 1992; Selle et al., 2020). These data demonstrate that FCR improved as dIle:dLys ratio
increased until 69% dIle:dLys, which allowed for improved performance as there was a
significant effect on BW and BWG; however, no effect was observed for FI/bird (P>0.05).
Data for d 28-42 Total Ile Intake/Bird (g) was calculated utilizing the total analyzed Ile of
the diet (Table 4.4) fed during the finisher phase and multiplying it by the finisher feed intake for
each treatment on a per bird basis. These data demonstrated that as birds were fed increasing %
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dIle:dLys, there was a stepwise increase in Ile intake (g/bird; P<0.0001; Table 4.4). Birds fed
84% dIle:dLys demonstrated the highest Ile intake/bird, while those fed 54% dIle:dLys exhibited
the lowest (P<0.0001; Table 4.4). These differences were expected due to the stepwise increase
in AA ratio provided via the experimental diets (Hirai, 2019; Brown et al., 2021ab).
Additionally, significant differences (P=0.021; Table 4.4) for preplanned contrasts demonstrated
that birds fed 69% dIle:dLys (PRAC-CON) had a higher Ile intake per bird as compared to 69%
dIle:dLys (BLEND-CON). This was likely attributed to the differences in the digestibility
coefficient for Ile between both diets.
Regression Analysis
Significant QR responses were observed for increasing dietary dIle:dLys levels for BW
and BWG from 28-42 d (P<0.05; Table 4.5). These data suggest that the dIle:dLys requirement
for male Ross 708 × Ross YP broilers for BW, BWG, and FCR was 66% based on QR (95% of
vertex; P=0.019, 0.014, and 0.0009; R2=0.86, 0.88, and 0.97; SSE=0.0005, 0.0003, and 0.0001;
Table 4.5; Figure 4.1). While not significant, there were trends for the LBL and QBL model for
BW, BWG, and FCR. The optimal dIle:dLys ratio for BW (P=0.077; R2 =0.50; SSE=0.0020;
Table 4.5) and BWG (P=0.098; R2 =0.45; SSE=0.0019; Table 4.5) was estimated to be 62% for
both the LBL and QBL models. For FCR, the LBL estimated the optimal dIle:dLys ratio to be
63% (P=0.066; R2=0.74; SSE=0.0009; Table 4.5), and 65% when utilizing the QBL model
(P=0.066; R2=0.74; SSE=0.0010; Table 4.5; Figure 4.1). Ultimately, these data suggest that the
optimal dIle:dLys ratio for male Ross 708 × Ross YP broilers from d 28-42 was 66% for BW,
BWG, and FCR (Figure 4.1) when utilizing the QR model as this statistical model provided the
best fit for the current data as determined by the associated R2 and SSE values.
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Of the research utilizing genetic strains similar to the current study, Wise et al. (2020)
determined the optimal d28-42 dIle:dLys ratio for BWG to be 66.5% and 67.1% for FCR.
However, Mejia and cohorts (2011) were unable to estimate the optimal dIle:dLys ratio using
regression analyses from d 28-42; though, based on the multiple comparison analysis, the authors
determined the optimal dIle:dLys ratio to be 69% for FCR. For the current study, based on the
QR model, the dIle:dLys estimates for BW, BWG, and FCR were found to be 66% (Table 4.5).
These estimates are similar to Wise et al. (2020); however, they are slightly lower than current
Ross 708 recommendations (69% dIle:dLys; Ross 708 Nutrition Specifications; Aviagen, 2019)
and previous research that utilized various strains (~ 68-70% dIle:dLys; Kidd et al., 2004; Hale
et al., 2004a; Kidd et al., 2007; Campos et al., 2009a; Helmbrecht, 2009; Mejia et al., 2011;
Dozier et al., 2012; Tillman and Dozier, 2013).
A previous proceedings paper reviewed the dIle:dLys requirements from 8 papers
utilizing different commercial broiler strains, sexes, and experimental periods (Tillman and
Dozier, 2013). In agreement with the current study, they concluded the requirements for FCR to
be higher than that for BW and BWG (Kidd et al., 2000; Corzo et al., 2004; Kidd et al., 2004;
Hale et al., 2004; Campos et al., 2009; Helmbrecht et al., 2010; Mejia et al., 2011; Dozier et al.,
2012; Tillman and Dozier, 2013). However, in previous research, there is variation among the
reported dIle:dLys ratio due to factors such as strain, sex, and length of experimental period (d
28-40, 26-40, 28-42, 30-42, and 30-43; Kidd et al., 2004; Hale et al., 2004a; Campos et al.,
2009a; Helmbrecht, 2009; Mejia et al., 2011; Tillman and Dozier, 2013; Wise et al., 2020).
Previous research by Kidd et al. (2004) utilized Ross x Ross 308 males with an experimental
phase from d 30-42 and determined the optimal dIle:dLys ratio to be 61% for BWG and 63% for
FCR when utilizing QR (95% of asymptote). Hale and cohorts (2004a) determined the optimal
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dIle:dLys ratio for female Ross x Ross 508 broilers to be 67% for BWG, 66% for FI, and 68%
for FCR when utilizing QR (95% of asymptote). Research conducted by Campos and cohorts
(2009a) determined the dIle:dLys ratio of male Cobb 500 broilers from d 28-40 to be 70% when
utilizing the x at Q max on the prediction curve.

Processing
Multiple Comparisons
All processing weights were placed on a yield basis relative to BW. There were no
significant differences for the following yields: fat pad, drumstick, wing, breast, tenders, and
total breast (P>0.05; Table 4.6). For d 42 thigh yield, birds fed 54, 64, 74, 84, and the PRACCON (69% dIle:dLys) had the lowest thigh yield, while broilers fed 59 and 79% dIle:dLys
performed similarly (P=0.046; Table 4.6). Broilers receiving the BLEND-CON (69% dIle:dLys)
exhibited the highest thigh yield; however, 59 and 79% dIle:dLys were similar. Additionally,
preplanned contrasts demonstrated that the BLEND-CON (69% dIle:dLys) had a higher percent
thigh yield (P=0.032; Table 4.6) as that compared to the PRAC-CON (69% dIle:dLys). These
findings are likely attributed to all dIle for the PRAC-CON being in the form of the intact
protein, while the BLEND-CON utilized synthetic Ile to obtain 69% dIle:dLys (Chung and
Baker, 1992; Selle et al., 2020).
Regression Analysis
Within the current study, the only processing parameter that the dIle:dLys ratio could be
estimated was d 42 tender yield relative to BW. Significant LBL and QBL responses were
observed for increasing dietary dIle:dLys levels for d 42 tender yield relative to BW (Table 4.5).
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Based on the LBL (P=0.0006; R2=0.81; SSE=0.0009) and the QBL (P=0.0006; R2=0.81;
SSE=0.0031) models, d 42 tender yield was maximized at 62% dIle:dLys. Wise and Cohorts
(2020) utilized Ross 708 x Ross YP male broilers with a feeding phase from d 28-42 and
determined the optimal ratio dIle:dLys ratio and determined the optimal ratio for breast meat
weight to be 69.4% and 73% dIle:dLys for breast meat yield. In comparison, Tillman and Dozier
(2013) suggested that the dIle:dLys requirement for the finisher phase (d29-42) to be 68%, based
on previous research (Kidd et al., 2004; Hale et al., 2004a; Campos et al., 2009a; Helmbrecht,
2009; Mejia et al., 2011; Tillman and Dozier, 2013).
It is also important to note that in the current study, 70% dIle:dLys was utilized in the
starter phase based on previous research (Brown et al., 2021a), which is greater than current
breeder recommendations (67% dIle:dLys; Ross 708 Nutrition Specifications, Aviagen, 2019).
However, 68% dIle:dLys was utilized in the grower phase, as it was previously determined to be
the optimal grower dIle:dLys ratio after feeding 70% dIle:dLys in the starter (and is the current
breeder recommendation;Ross 708 Nutrition Specifications, Aviagen, 2019; Brown et al.,
2021b). This is noteworthy, as previous research has determined that the starter phase is
considered an opportunity to prepare the mechanisms that control protein deposition and
thus,control the overall capacity of body protein (Kang et al., 1983; Vierira and Angel, 2012).
Therefore, it is plausible that birds in the current study set their protein deposition capacity at an
early age and thus, an optimal dIle:dLys ratio at a later age was unable to be determined for
breast meat yield.
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Economic Analysis
As stated previously, an additional aspect to take into consideration when estimating
requirements is economic feasibility. Therefore, the authors compared estimates obtained from
regression models across all metrics and chose the dIle:dLys ratios of 66, 67, 68, 69, and 70% to
be further explored with the practical formulation and economic analysis. Diets were formulated
to 67, 68, 69, and 70% dIle:dLys with practical ingredients; all other nutrient specifications were
similar. Production cost per bird was calculated using feed cost obtained using ingredient prices
from the Chicago Board of Trade (CME Group Inc.; Obtained: November 2020) and metrics
obtained from the broken line regression model (in cents and dollar; from d 28 to 42). These data
demonstrated that at 42 d of age, total feed cost/tonne increased as % dIle:dLys increased, as
well as the feed cost/kg of gain (cents; Table 4.7). Increasing the dIle:dLys ratio of the diet
increased the overall feed costs and total feed cost/bird (cents). As such, the diet formulated to
66% dIle:dLys was identified as the advantageous choice economically. It should be noted that
all diets used for the economic analysis included crystalline Ile, which could float within
formulation to meet the requirement within least-cost formulation practices.
While this economic analysis represents a snapshot in time using market prices just prior
to publication, the authors believe it is important to consider. Future decreases in crystalline Ile
production costs may allow for increased supplementation of crystalline Ile. Thus, these findings
demonstrate the importance not only for determining a requirement based on performance, but
also considering the practical application and economics to ensure a comprehensive approach to
make the best decision. Also, it is important to routinely evaluate the relationship between feed
costs and growth performance, as feed ingredients and chicken market pricing change
periodically.
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Summary
This study considers several factors, including statistical model and response variables, to
determine the optimal dIle:dLys ratio for current male Ross 708 x Ross YP genetics from d 2842. Performance data verified feeding slightly lower or at current finisher breeder
recommendation (69% dIle:dLys; Ross 708 Nutrition Specifications, Aviagen, 2019) as broiler
performance improved from 28-42 d. However, the starter formulations for the current study
were based on previous research from our lab (Brown et al., 2021a), which was higher than
current breeder recommendations, as compared to the grower which was formulated to current
breeder recommendations (Ross 708 Nutrition Specifications, Aviagen, 2019; Brown et al.,
2021b). These factors likely impacted the current findings, especially processing parameters, as
the plain of nutrition was set high at a young age. Given these parameters, data from the current
study suggest that the optimum finisher dIle:dLys ratio for male Ross 708 × Ross YP broilers is
66%. Further research should evaluate optimum dIle:dLys ratios of the same broilers utilizing the
same approach during the withdrawal phase.

Conclusions and Applications
1. Results from d 28-42 for Ross YP x Ross 708 male broilers were consistent, whereas live
performance improvements were achieved as % dIle:dLys increased until 68%. Based on
the current data and using multiple regression models, the estimated ratios ranged from
62-66% for BW and BWG, and 63-66% for FCR.
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2. When looking at performance and processing characteristics as a whole, the economic
benefits of 67% dIle:dLys was greater than all other ratios. This may be attributed to the
lower calculated diets costs and birds having similar processing characteristics, regardless
of ratio fed. However, 66% dIle:dLys was found to be the most economical when
considering performance alone, due to reduced diet costs.

3. These data determined the optimal 28-42 d dIle:dLys ratio for Ross 708 x Ross YP male
broilers to be 66% dIle:dLys, as it was determined after feeding a higher dIle:dLys ratio
in the starter phase (based on previous research) as compared to current breeder
recommendations (70 vs. 68% dIle:dLys). In comparison, the grower was formulated to
current breeder recommendations as it was previously determined to be the optimal ratio
(Aviagen, 2019; Brown et al., 2021b). These factors may have impacted the current
findings as the optimal for breast yield was not able to be determined.
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Table 4.1

Diet formulations and analyzed nutrients for the common diets1 fed during the
starter (d 0-14) and grower phases (d 14-28)

Phase
Starter (d 0-14)
Grower (d 14-28)
Ingredient Name
% Inclusion
Corn
54.80
63.72
Soybean meal (48% CP)
36.94
26.33
Poultry Fat
2.68
2.30
Meat and Bone Meal – 57%
3.00
5.75
Defluorinated phosphate
0.97
0.25
Calcium carbonate
0.24
0.13
Salt
0.18
0.16
L-Lysine HCl
0.26
0.29
L-Isoleucine
0.13
0.07
L-Threonine
0.06
0.15
Phytase2
0.02
0.02
DL-Methionine
0.02
0.32
Sodium S-Carb
0.34
0.14
Vitamin-trace mineral
0.01
0.25
Choline Cl-60%
0.25
0.02
Copper Sulfate
0.02
0.05
Selenium
0.05
0.01
Coccidiostat3
0.05
0.05
Nutrient Name
Calculated Nutrients (%)
AME (kcal/kg)
3000
3100
Crude protein (%)
23
21.20
Crude fat (%)
5.12
5.20
Calcium (%)
0.96
0.87
Total phosphorus (%)
0.68
0.59
Available phosphorus (%)
0.48
0.44
Sodium (%)
0.20
0.16
Potassium (%)
0.96
0.77
Chloride (%)
0.21
0.23
Na+K-Cl (mEq/kg)
287.02
218.58
Digestible lysine (%)
1.28
1.15
Digestible methionine (%)
0.67
0.63
Digestible methionine + Digestible
0.95
0.87
cysteine (%)
Digestible tryptophan (%)
0.25
0.22
Digestible threonine (%)
0.86
0.77
Digestible isoleucine (%)
0.90
0.79
Digestible valine (%)
0.96
0.89
Digestible arginine (%)
1.37
1.23
Digestible Amino Acid Ratios Relative to Lysine (%)
Threonine
67
67
Methionine
52
55
Methionine + cysteine
74
76
Arginine
107
107
Isoleucine
70
69
Leucine
132
134
Valine
75
77
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Table 4.1 (continued)
Nutrient Name
Protein4
Total Lysine5
Total Threonine6
Total Methionine7
Total Cystine8
Total Arginine9
Total Isoleucine10
Total Leucine11
Total Valine12
Percent Crumbles13
Percent Pellets14

Analyzed Nutrients (%)
22.50
21.56
1.54
1.49
0.98
0.92
0.69
0.63
0.34
0.30
1.45
1.34
1.01
0.95
1.88
1.80
1.13
1.06
Descriptive Feed Quality
66
58

70% dIle:dLys was utilized for the starter phase as well as 68% dIle:dLys as these are the optimum ratios established by Brown et al., 2021a,b
2
OptiPhos 2000 (E.Coli phytase; sparing 0.15% Ca and aP). Huvepharma, Peachtree City, GA.
3
Zoamix (Zoalene; 0.0125% inclusion). Zoetis, Parsippany, NJ.
4
AOAC 920.39; Robust Standard Deviation ± 0.63%
5
AOAC 982.30 mod.; Robust Standard Deviation ± 3.11%
6
AOAC 982.30 mod.; Robust Standard Deviation ± 1.43%
7
AOAC 994.12; Robust Standard Deviation ± 2.92%
8
AOAC 994.12; Robust Standard Deviation ± 3.10%
9
AOAC 982.30 mod.; Robust Standard Deviation ± 1.94%
10
AOAC 982.30 mod.; Robust Standard Deviation ± 2.65%
11
AOAC 982.30 mod.; Robust Standard Deviation ± 1.37%
12
AOAC 982.30 mod.; Robust Standard Deviation ± 2.20%
13
Representative sample was hand sifted through a ASAE #14 sieve: Crumbles-Retained on #14 sieve.
14
Representative sample was hand sifted through a ASAE #5 sieve: Pellets-Retained on #5 sieve
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Table 4.2

Experimental diet formulations for the deficient and PRAC-CON1 diets during the
finisher phase (d 28-42)
Ingredient Name

Corn
Soybean meal (48% CP)
Meat and Bone Meal (57% CP)
Poultry Fat
Defluorinated phosphate
Calcium carbonate
Glutamine
Salt
L-Lysine HCl
L-Threonine
L-Arginine
L-Valine
Copper Sulfate
Phytase2
DL-Methionine
Sodium S-Carb
Vitamin-trace mineral
Selenium premix 0.06%
Choline Cl-60%
Titanium Dioxide
Coccidiostat3
Nutrient Name
AME (kcal/kg)
Crude protein (%)
Crude fat (%)
Calcium (%)
Total phosphorus (%)
Available phosphorus (%)
Sodium (%)
Potassium (%)
Chloride (%)
Na+K-Cl (mEq/kg)
Digestible lysine (%)
Digestible methionine (%)
Digestible methionine + Digestible cysteine
(%)
Digestible tryptophan (%)
Digestible threonine (%)
Digestible isoleucine (%)
Digestible valine (%)
Digestible arginine (%)

PRAC-CON1 – 69%
dIle:dLys
75.32
67.32
15.10
23.80
3.59
3.16
1.72
3.35
0.25
0.25
0.51
0.50
0.88
0.00
0.11
0.24
0.40
0.13
0.26
0.11
0.30
0.01
0.16
0.03
0.05
0.05
0.02
0.02
0.36
0.31
0.34
0.09
0.25
0.25
0.01
0.01
0.02
0.02
0.30
0.30
0.05
0.05
Calculated Nutrients (%)4
3200
3200
18.00
19.33
4.65
6.16
0.78
0.78
0.46
0.48
0.39
0.39
0.19
0.16
0.57
0.72
0.21
0.23
190.00
196.78
0.97
0.97
0.62
0.61

Deficient – 54% dIle:dLys

0.82

0.85

0.45
0.70
0.52
0.78
1.13

0.55
0.70
0.67
0.78
1.09

1

69% dIle:dLys (PRAC-CON), was made to compare to the blended diet 69% dIle:dLys BLEND-CON). Deficient (54% dIle:dLys) and Summit
(84% dIle:dLys) basal diets were batched and mixed in different ratios prior pelleting for creation of the remaining dIle:dLys ratios and can be
found below.
•
54% dIle:dLys – 100:0 (Deficient:Summit)
•
59% dIle:dLys– 83.4:16.7 (Deficient:Summit)
•
64% dIle:dLys– 66.7:33.3 (Deficient:Summit)
•
69% dIle:dLys-50:50 (Deficient:Summit)
•
74% dIle:dLys– 33.3:66.7 (Deficient:Summit)
•
79% dIle:dLys– 16.7:83.3 (Deficient:Summit)
•
84% dIle:dLys– 0:100 (Deficient:Summit)
2
OptiPhos 2000 (E.Coli phytase; sparing 0.15% Ca and aP). Huvepharma, Peachtree City, GA.
3
Zoamix (Zoalene; 0.0125% inclusion). Zoetis, Parsippany, NJ.
4
Analyzed nutrient values were obtained from analyzed nutrient composition of corn and soybean meal
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Table 4.3

Analyzed nutrients and feed quality for the finisher (d 28-42) experimental diets varying in dIle:dLys
Calculated % dIle:dLys Ratios

Nutrient

74%
dIle:dLys

79%
dIle:dLys

84%
dIle:dLys

18.19
4.65
0.60
0.48
0.19

17.81
4.71
0.59
0.46
0.18

18.06
4.49
0.57
0.46
0.17

1.12
0.77
0.58
0.23

18.38
17.69
4.96
4.76
0.62
0.61
0.48
0.44
0.18
0.18
Total Amino Acids
1.12
1.06
0.76
0.77
0.61
0.62
0.24
0.22

69%
dIle:dLys
(PRACCON)1
19.44
6.04
0.64
0.51
0.16

1.10
0.77
0.59
0.24

1.12
0.79
0.61
0.23

1.13
0.77
0.61
0.23

1.12
0.81
0.58
0.26

0.81
1.21
0.69
1.44
0.94
0.42
0.19
3.54
0.95
1.48
0.77
0.40
1.11
0.81
0.75

0.85
1.22
0.73
1.44
0.94
0.43
0.18
3.54
0.93
1.46
0.75
0.41
1.08
0.81
0.76

0.83
1.21
0.82
1.43
0.95
0.41
0.18
3.52
0.93
1.45
0.76
0.44
1.09
0.81
0.75

0.84
1.20
0.83
1.41
0.91
0.40
0.19
3.53
0.93
1.45
0.75
0.43
1.09
0.81
0.80

0.84
1.19
0.88
1.40
0.92
0.41
0.19
3.48
0.91
1.41
0.74
0.40
1.03
0.79
0.76

0.84
1.22
0.79
1.60
0.95
0.50
0.24
3.29
1.01
1.83
0.91
0.57
1.15
0.93
0.92

54%
dIle:dLys

59%
dIle:dLys

Crude protein2
Crude fat3
Calcium4
Phosphorus5
Sodium6

18.75
4.58
0.58
0.48
0.17

18.13
5.19
0.57
0.47
0.18

Lysine7
Threonine8
Methionine9
Cystine10
Methionine +
Cysteine
Arginine11
Isoleucine12
Leucine13
Valine14
Histidine15
Tryptophan16
Glutamic acid17
Alanine18
Aspartic acid19
Phenylalanine20
Tyrosine21
Proline22
Glycine23
Serine24

1.09
0.77
0.57
0.24
0.81
1.22
0.65
1.44
0.95
0.42
0.20
3.54
0.95
1.51
0.77
0.44
1.11
0.83
0.78

64%
dIle:dLys

69% dIle:dLys
(BLENDCON)1

0.84
1.21
0.76
1.41
0.92
0.41
0.18
3.45
0.92
1.43
0.76
0.18
1.10
0.80
0.74
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Table 4.3 (continued)
Percent Pellets25

23

17

Descriptive Feed Quality (Percent Pellets)
24
21
25

*All

15

17

11

feed samples were analyzed by Eurofins Scientific Inc, Des Moines, IA.
Treatment (Trt) 8 was the control diet which was formulated to have 69% digestible Isoleucine:digestible Lysine (dIle:dLys). In order to verify the mixing technique, The PRAC-CON was made and
compared to the (BLEND-CON) which was the formulated to contain 69% dIle:dLys
2
AOAC 920.39; Robust Standard Deviation ± 0.78%
3
AOAC 962.09; AOCS Ba 6-84; Robust Standard Deviation ± 3.02%
4
AOAC 984.27, 927.02, 985.01; Robust Standard Deviation ± 1.90%
5
AOAC 984.27, 927.02, 985.01; Robust Standard Deviation ± 1.51%
6
AOAC 984.27, 927.02, 985.01
7
AOAC 982.30 mod.; Robust Standard Deviation ± 3.28%
8
AOAC 982.30 mod.; Robust Standard Deviation ± 0.96%
9
AOAC 994.12; Robust Standard Deviation ±0.78%
10
AOAC 994.12; Robust Standard Deviation ± 3.10%
11
AOAC 982.30 mod.; Robust Standard Deviation ± 1.99%
1
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Table 4.4

The effect of varying % dIle:dLys concentration on day 28 to 42 Ross 708 x Ross YP male broiler performance
% dIle:dLys Ratios

d28 Avg1
BW2 (kg)

d42 Avg1
BW2 (kg)

BWG3
(kg/bird)

FI4/bird
(kg)

FCR6

CV7

Total Ile
Intake8
(g/bird)

54%
59%
64%
69% (BLEND-CON)
74%
79%
84%
69% (PRAC-CON)
P-value

1.366
1.368
1.368
1.372
1.371
1.370
1.372
1.364
0.799

2.706b
2.755ab
2.755ab
2.784a
2.756ab
2.749ab
2.722b
2.784a
0.041

1.340b
1.386ab
1.386ab
1.411a
1.385ab
1.379ab
1.350b
1.421a
0.044

2.339
2.373
2.412
2.359
2.327
2.329
2.322
2.330
0.529

1.748a
1.706bc
1.688bc
1.674cd
1.683bc
1.694bc
1.715a
1.642d
<.0001

8.713
8.663
9.175
9.267
9.186
9.089
9.339
9.389
0.987

15.203g
16.371f
17.095e
17.930d
19.079b
19.333b
20.434a
18.408c
<.0001

SEM9

0.004

0.018

0.018

0.020

0.012

0.208

0.142

0.280

0.069

0.892

0.021

Probabilities for Preplanned Contrasts
69%
(PRAC-CON) vs.

69% (BLEND-CON)

0.145

0.995

1

0.718

Average
Body Weight
Body Weight Gain
4
Feed Intake is based on a per bird basis
5
Mortality percentage is based on a beginning pen number of birds per pen (22)
6
Feed Conversion Ratio (Feed:Gain) was adjusted with mortality weight
7
Coefficient of Variation
8
Total isoleucine intake g/bird was calculated utilizing the analyzed total isoleucine of the diet (Table 3) fed during the feeding period and multiplying it by the intake during the feeding period on a per bird basis.
9
Standard Error of the Mean
2
3
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Table 4.5

Estimated digestible Isoleucine:digestible Lysine (dIle:dLys) ratios of Ross 708 x Ross Yp male broilers from 28 to 42
days of age based on linear broken line, quadratic broken line, and quadratic regression models
Model

Linear broken line1

Quadratic broken line2

Quadratic Regression3

Response variable
BW4
BWG5
FCR6
Tender Yield7
BW
BWG
FCR
Tender Yield
BW8
BWG9
FCR10
Tender Yield11

Estimated % dIle:dLys
requirement
62
62
63
62
62
62
66
62
66
66
66
-

1

P-value

R2

SSE

0.077
0.098
0.066
0.0006
0.077
0.098
0.066
0.0006
0.014
0.010
0.0009
0.160

0.50
0.45
0.74
0.81
0.50
0.45
0.74
0.81
0.88
0.90
0.97
0.60

0.0020
0.0019
0.0009
0.0031
0.0020
0.0019
0.0010
0.0031
0.0005
0.0003
0.0001
0.0065

Linear broken line model
Qudratic broken line model
3
Quadratic Regression model, in which the dIle requirement was calculated by 95% of the asymptote
4
Body Weight (kg)
5
Body Weight Gain (kg)
6
Feed Conversion Ratio (Feed:Gain) was adjusted with mortality weight
7
%Tender yield calculated using body weight values (Tender wt./ Body Wt.)*100.
8
Body Weight Calculated values were derived using the regression equation: y = -0.00052242x2+0.07188x+0.29837; where y= Body Weight and x= dIle:dLys ratio
9
Body Weight Gain. Calculated values were derived using the regression equation: y = -0.00050264x2+0.06894x-0.96393; where y= Body Weight Gain and x= dIle:dLys ratio
10
Feed Conversion Ratio (Feed:Gain) was adjusted with mortality weight. Calculated values were derived using the regression equation: y = 0.00049149x2-0.06863x+4.07296; where y= FCR and x= dIle:dLys ratio
11
%Tender Yield relative to BW could not be estimated due to it being found non significant
2
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Figure 4.1

Comparison of QBL1 and QR2 estimates for d 28-42 FCR for Ross 708 x Ross YP
male broilers

1

Quadratic Broken Line: Requirement represented by the blue dotted line: Estimated dIle:dLys = 66%; P-value=0.066;; Sum of Squares Error=0.0010; R2=0.74
Quadratic Regression; Requirement represented by the red dotted line; Estimated dIle:dLys = 66%; P-value=0.0.0009; Sum of Squares Error=0.0001; R2=0.97 Feed
Conversion Ratio (Feed:Gain) was adjusted with mortality weight. Calculated values were derived using the regression equation: y = 0.00049149x20.06863x+4.07296; where y= FCR and x= dIle:dLys ratio;
2
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Table 4.6

The effect of varying % dIle:dLys concentrations on d 42 Ross 708 x Ross YP male broiler processing yields relative to
body weight1

1
2
3

Wings
(%)

Breast
(%)

Tenders
(%)

12.570b
12.773ab
12.528b
12.963a
12.618b
12.724ab
12.564b
12.644b
0.046

8.363
8.321
8.446
8.398
8.347
8.280
8.422
8.291
0.440

19.755
19.453
19.365
19.452
19.599
19.557
19.403
19.637
0.892

3.850
3.994
3.933
3.995
3.959
3.992
3.966
4.010
0.305

Total
Breast
(%)
23.616
23.431
23.288
23.447
23.581
23.533
23.361
23.649
0.938

% dIle:dLys Ratios
54%
59%
64%
69% (BLEND-CON)2
74%
79%
84%
69% (PRAC-CON)
P-value

71.248
71.337
71.345
71.310
71.444
71.290
70.949
71.029
0.431

1.289
1.265
1.214
1.275
1.278
1.192
1.290
1.179
0.075

SEM9

0.168

0.033
0.069
0.102
Preplanned Contrasts

0.061

0.203

0.047

0.219

0.248

0.040

0.212

0.520

0.815

0.515

69%
(PRAC-CON) vs.

69% (BLENDCON)

Fat Pad Drumsticks
(%)
(%)

Thighs
(%)

Dressing
(%)

10.082
10.061
10.055
10.063
10.032
10.028
10.065
9.922
0.839

0.158

0.032

Processing yield for each respective part was calculataed utilizing BW prior to processing
The BLEND-CON diet was formulated to ratio of 69% digestible Isoleucine:digestible Lysine (dIle:dLys). In order to verify the mixing technique, The PRAC-CON was made and compared to
Standard Error of the Mean
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Table 4.7

Potential gross bird profit/potential savings for practical diet formulation during the finisher phase d 28-42

Potential gross savings using growth
performance data
Total feed cost/tonne (dollar)
Dollar/kg of feed2

1

% dIle:dLys
66%

67%

68%

Potential gross savings using growth performance data
244.44
245.76
247.06
0.244
0.246
0.247

69%

70%

248.42
0.248

250.27
0.250

24.44
24.58
24.71
28.84
25.03
Cents/kg of feed3
4
57.44
57.57
58.06
58.38
58.81
Total feed cost/bird (cents)
5
41.34
41.56
41.78
42.01
42.32
Feed cost/kg of gain (cents)
Potential gross profit using growth performance and processing data
6
163.97
163.97
163.97
163.97
163.97
Total gross cents per bird
106.52
106.21
105.91
105.59
105.15
Gross bird profit (cents)7
1.065
1.062
1.059
1.056
1.052
Gross bird profit (dollar)8
9
$1,065,216.32 $1,062,130.74 $1,059,059.06 $1,055,866.80 $1,051,534.63
Gross profit (1 million birds)
*Perfomance data obtained from the quadratic broken line analysis prediction curve
1
Total feed cost/ton (dollar) = Sum of (dollar/kg of ingredient prices * each respective ingredient amount); ingredient prices were based from Feedstuffs - Ingredient Market Prices and USDA - Feedstuffs Reports. Ingredient prices ($/tonne): Corn = $123; soybean meal
= $437; poultry fat = $573;; deflourinated phosphate = $440; calcium carbonate = $39; salt = $121; sodium S-carb = $419; vitamin-trace mineral = $1,715; selenium premix = $264; DL-methionine = $2,348; L-lysine = $1,542; Thr Pro 80% = $3,037 L-valine = $6,061;
phytase = $10,756; Zoamix = $10,293; Copper Sulfate = $4,617; Choline-Cl, 60% = $1278)
2
Dollar/kg of feed = Total feed cost/ton ÷ 2000
3
Cents/kg of feed = Dollar/kg of feed * 100
4
Total feed cost/bird (cents) = Average feed intake (kg) * Cents/kg of Feed
5
Feed cost/kg of gain (cents) = Cents/kg of feed * FCR
6
Total potential gross chicken part value/bird (cents) = sum of all potential gross chicken part values/bird
7
Gross bird profit (cents) = Total potential gross chicken part value/bird (cents) – Total feed cost/bird (cents)
8
Gross bird profit (dollars) = Gross bird profit (cents)/100
9
Gross Profit = Gross bird profit * 1,000,000
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